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the  Requirements  for  the  Degree  of  Doctor  of  Philosophy 

THE  VELOCITY  DEPENDENCE  OF  SENSITIZED  FLUORESCENCE 

By 

Robert  Alan  Sanders 
August,  1975 

Chairman:  E.  E.  Muschlitz,  Jr. 

Major  Department:  Chemistry 

Measurements  have  been  made  of  the  velocity  dependence 

of  the  relative  cross  sections  for  the  reactions: 

Ar(3p2,0)  + N2(X’Lzg)  * Ar(1S)  + N2(C3nu)  (1) 

and 

He  (21S , 2 3S ) + N (X1E^)  + He^S)  + N*  (B2Z  + ) + e (2) 

^ g z u 

by  observation  of  the  fluorescence,  N2(C+B)  and  N+fB+X).  The 
measurements  were  made  in  the  relative  energy  ranges  0.06  eV. 
to  0.36  eV.  for  reaction  (1)  and  0.03  eV.  to  0.16  eV.  for 
reaction  (2)  using  crossed  molecular  beams.  The  metastable 
atom  beams  are  produced  in  a low  voltage,  D.C.  discharge  and 
velocity  selected  by  a mechanical  selector  of  standard 
design.  The  nitrogen  beam  is  a supersonic  nozzle  beam  used 
both  unseeded  and  seeded  with  helium  in  order  to  increase 
the  energy  range  of  the  experiments.  The  nozzle  beam  is 
chopped  at  100  hz.,  the  photons  are  detected  by  an  EMI  9558 
photomultiplier  with  extended  red  response,  and  the  photon 


vi 


signal  is  extracted  from  background  using  an  SSR  dual 
channel  photon  counter.  The  metastable  argon  atom  beam  was 


under  similar  conditions.  The  metastable  helium  beam  con- 


The cross  section  for  reaction  (1)  shows  a rapid  rise 
from  0.06  to  0.12  eV. , then  decreases  gradually.  The 
cross  section  for  reaction  (2)  goes  through  a minimum  at 
about  0.04  eV.  , then  approximately  doubles  from  0.04  to 
0.10  eV.,  and  continues  to  rise  up  to  0.16  eV.  The  energy 
dependent  cross  sections  for  reaction  (2)  are  compared  to 
total  ionization  cross  sections  for  the  same  system,  and  the 
branching  ratio  for  the  production  of  N* (B)  compared  to 
total  ion  production  is  calculated.  This  ratio  decreases 
rapidly  from  0.03  to  0.04  eV.,  and  then,  decreases  slowly 
from  0.04  to  0.16  eV. 

Reaction  (1)  is  discussed  in  terms  of  a curve  crossing 
mechanism.  Reaction  (2)  is  discussed  in  terms  of  an  electron 
exchange  mechanism,  and  a technique  for  obtaining  theoretical 
Penning  ionization  cross  section  curves  for  comparison  with 
the  experimental  curves  is  presented. 


3 3 

found  to  have  a P^/  Pg  ratio  of  7/1  in  an  identical  source 


sists  predominately  of  23S  states. 
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CHAPTER  I 


INTRODUCTION 

A . Sensitized  Fluorescence 
Sensitized  fluorescence1  is  the  process  in  which  elec- 
tronic energy  is  transferred  from  one  molecule  to  another 
molecule,  which  subsequently  fluoresces.  Such  electronic 
energy  transfer  reactions  are  relevant  to  many  natural  phe- 
nomena. For  example,  a three-step  process  beginning  with  the 
production  of  electronically  excited  oxygen  atoms  has  been 

proposed  to  explain  the  intriguing  phenomenon  of  night 
2 

glow.  Energy  transfer  reactions  play  an  important  role  in 
maintaining  the  delicate  balance  among  the  constituents  of 
the  earth's  atmosphere  as  well  as  the  atmospheres  of  other 
planets  and  stars.  Helium  metastable  atoms  have  been  sug- 
gested as  energy  carriers  in  the  vast  regions  of  outer  space. ^ 
In  addition  to  their  relevance  to  various  natural 
phenomena,  electronic  energy  transfer  processes  have  impor- 
tant laboratory  applications.  These  reactions  serve  as 

excitation  mechanisms  in  laser  systems  such  as  Ar  - 02  and 

4 

He  - Ne  lasers.  Measurements  of  the  dynamic  properties  of 
the  electronic  energy  transfer  processes  involved  are  invalu- 
able in  the  design  of  laser  systems  for  specific  purposes. 

The  transfer  of  electronic  excitation  energy  also  offers 
promise  as  a synthetic  technique  to  promote  reactions  which 


1 


2 


are  ordinarily  energetically  forbidden.  For  instance, 
excited  oxygen  molecules  may  add  directly  to  double  bonds:5 
°2(al  V + H3C^CH3  * H3C^^CH3. 

From  a puristic  viewpoint,  studies  of  energy  transfer 
and  other  elementary  processes  have  done  much  to  further 
the  understanding  of  atomic  and  molecular  interactions.  The 
measurements  of  macroscopic  reaction  properties  may  now,  to 
a large  extent,  be  explained  in  terms  of  the  microscopic 
interactions  between  individual  atoms  and  molecules.  The 
realization  that  these  microscopic  events  must  be  studied 
under  "single  collision"  conditions  has  led  to  the  develop- 
ment of  molecular  reaction  dynamics  as  a logical  extension 
of  physical  chemistry.  Sensitized  fluorescence  is  just  one 
elementary  process  being  investigated.  A survey  of  the  basic 
principles  and  experimental  techniques  for  studying  micro- 
scopic reaction  mechanisms  is  found  in  the  book  by  Levine 
o 

and  Bernstein. 

B * The  Study  of  Electronic  Energy  Transfer  Processes 

Electronic  energy  transfer  may  occur  in  several  dif- 
ferent ways.  Depending  on  whether  the  electronic  excitation 
energy  exceeds  the  ionization  potential  of  its  collision 
partner,  the  resulting  products  may  be  neutral  or  ionic. 

Some  of  the  possible  reactions  are  illustrated  below: 

A.  Neutral  Products 

(1) 


A*  + XY  -v  A + XY* 

A*  + XY  A + X*  + Y 


(2) 
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Ionic  Products 

A*  + XY 

-*■  XY+  + A + e 

(3) 

A*  + XY 

->X+  + Y + A + e 

(4) 

A*  + XY 

AXY+  + e 

(5) 

The  asterisk  denotes  an  electronically  excited  species. 

In  reaction  (1)  a portion  of  the  electronic  energy  appears 
as  electronic  (as  well  as  vibrational  and  rotational) 
excitation  of  XY.  In  reaction  (2)  energy  transfer  is 
accompanied  by  dissociation  of  XY.  Reaction  (3)  is  known 
as  Penning  ionization.  Reaction  (4)  is  dissociative 
Penning  ionization,  and  reaction  (5)  is  associative 
ionization.  Whenever  an  electronically  excited  atom  or 

molecule  is  produced,  fluorescence  will  follow  if  the 

. . . . 7 

transition  is  optically  allowed. 

Sensitized  fluorescence  was  first  observed  by  Cario 

o 

and  Franck  in  1923.  Much  of  the  early  work  has  been 

, g 

reviewed  by  Willey. 

Until  recently,  the  study  of  electronic  energy  transfer 
processes  has  been  concentrated  on  the  reactions  which 
yield  ionic  products — simply  because  the  ionic  products 
are  more  readily  detected.  Several  reviews10-13  summarize 
the  information  known  about  these  processes  prior  to  1972. 
These  studies  have  been  designed,  primarily,  to  determine 
absolute  ionization  rate  constants  or  cross  sections  and/or 
the  dependence  of  these  cross  sections  on  the  relative 
velocity  of  the  collision  partners.  Cross  sections  for 
ionization  reactions  are  intimately  related  to  the  interaction 
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potential  of  the  colliding  species,  and  such  measurements 
have  done  much  to  further  the  understanding  of  the  Penning 
ionization  process  (see  I D)  . Tang,  Marcus,  and  Muschlitz14 
studied  Penning  ionization  in  the  systems  Ne ( P n)/Ar,Kr,Xe 
using  a neon  metastable  atom  beam  and  a collision  chamber 
containing  the  target  gas  at  a known  pressure.  By  mechan- 
ically velocity  selecting  the  metastable  atom  beam,  they 
obtained  absolute  measurements  of  the  total  ionization  cross 
section  as  a function  of  the  relative  velocity  in  these 
systems.  Pesnelle  et  al . ^ has  measured  the  velocity  depen- 
dence of  the  Penning  ionization  cross  section  for  the 

1 3 

He ( 2 ' S)/Ar  system  by  a time— of —flight  method.  Illenberger 
1 6 

and  Niehaus  have  used  a crossed  beam,  time-of-f light  method 
to  measure  the  velocity  dependence  of  Penning  ionization  in 
the  systems  He(23S)  and  He(21S)/Ar,  Kr,  Xe,  N2,  and  Hg? 
Ne(3P2,())/Kr'  H9;  and  Ar  ( 3p  2 q)  /Hg. 

Another  technique  for  studying  Penning  ionization 
utilizes  the  fact  that  the  electron  in  reactions  such  as 
(3)  - (5)  carries  off  most  of  the  excess  energy.  Thus, 
analysis  of  the  energy  distribution  of  the  ejected  electrons 
gives  the  relative  populations  of  the  electronic  and  vibra- 
tional states  excited  during  the  collision,  as  well  as 
information  concerning  the  shapes  of  the  interaction  potential 
curves  in  the  transition  region.  Cerm£k17  and  Hotop  and 
Niehaus  have  employed  this  method,  known  as  Penning  electron 
spectroscopy  (PES) . Comparisions  with  photoelectron  spectra 
have  shed  considerable  light  on  the  dynamics  of  the  ioniza- 
tion process. 
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Another  powerful  technique  has  been  utilized  to  study 
both  ion  producing  and  non-ion  producing  reactions.  The 
flowing  afterglow  (FA)  method  employs  a hollow  cathode  dis- 
charge to  produce  electronically  excited  species  which  then 
flow  into  an  interaction  region  where  collisional  de— excita- 
tion occurs.  Stedman  and  Setser^^  have  studied  reactions 
either  by  measuring  the  decrease  in  concentration  of  the 
electronically  excited  reactant  (as  determined  from  its 
absorption  of  radiation  from  an  appropriate  light  source) 
or  by  observation  of  the  fluorescent  emission  of  the  excited 
products  produced.  The  former  method  allows  the  determina- 
tion of  total  cross  sections  for  quenching  of  the  excited 
species,  while  the  latter  technique  allows  the  determination 
of  relative  cross  sections  for  energy  transfer  into  specific 
rotational,  vibrational,  and  electronic  states  of  the  prod- 
ucts. This  technique  has  been  described  in  detail  by 
Ferguson,  Fehsenfeld,  and  Schmeltekopf ,19  Bolden  et  al.20 
and  Stedman  and  Setser.10 

Three  molecular  beam  techniques  have  recently  been  used 
to  study  non-ion  producing  reactions  such  as  (1)  and  (2) . 
Wimcur  and  Fraites  have  measured  the  differential  scatter- 
ing cross  section  for  the  system  Ar(3P2  q)/n2.  From  the 
small  angle  scattering  data  (purely  elastic)  they  predicted 
the  elastic  scattering  at  large  angles.  By  subtracting  this 
from  the  measured  cross  section,  they  deduced  the  inelastic 
scattering  cross  section  at  a particular  relative  velocity. 


6 


22 

Lee  and  Martin  have  used  a crossed  beam,  time-of -flight 
method  to  measure  the  velocity  dependence  of  the  relative 
cross  section  for  the  reaction: 

Ar(3p2,0}  + N2(X  ^ Ar<ls)  + N2(c3nu)  (6) 

The  rate  of  product  formation  is  followed  by  detecting 

photons  from  the  transition  N2(C)  -*•  N2(B).  In  this 

technique,  neither  beam  is  velocity  filtered  in  the  usual 

sense;  the  velocity  selection  is  accomplished  by  modulating 

the  metastable  atom  beam  and  time  resolving  the  product 

photon  flux.  The  technique  used  in  the  present  study  is 

also  a crossed  beam  technique  in  which  the  product  formation 

is  detected  by  its  photon  emission.  However,  both  beams  are 

velocity  selected.  The  metastable  atom  beam,  He(23,1S) 

3 

or  Ar ( P2  q) r is  mechanically  velocity  selected;  the  target 

beam,  N2 (X^Z^) , is  a supersonic  nozzle  beam  which  has  a 

narrow  velocity  distribution  and  whose  nominal  velocity  is 

varied  by  a seeding  technique.  The  relative  cross  sections 

for  electronic  energy  transfer  as  a function  of  the  relative 

translational  energies  were  measured  for  reaction  (6)  and 

for  the  following  reaction: 

He  (23' 1S)  + N,  (X  h+)  He(1S)  + N + (B  2Z+)  + e (7) 

* y z u 

A detailed  description  of  this  experimental  technique  is 
given  in  Chapter  II. 

C . Cross  Sections  and  Rate  Constants 
For  two  interacting  beams,  A and  B,  the  reaction 
rate,  R,  at  a particular  relative  velocity  is 
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R = a(vr)vr  W n (x,y,z)  n (x,y,z)  dxdydz  (8) 

V 

where  is  the  relative  velocity  of  A with  respect  to  B, 
a(vr)  is  the  reaction  cross  section,  nft  and  nfi  are  the 
spatially  dependent  densities  of  the  interacting  molecules 
in  the  volume  element  dxdydz,  and  V is  the  volume  of  the 
interaction  zone.  Experimentally,  it  is  very  difficult  to 
measure  absolute  density  profiles  in  the  intersection 
region  of  crossed  molecular  beams.  It  is  also  difficult 
to  determine  accurately  the  volume  of  the  interaction  zone 


as  well  as  the  product  detection  efficiency.  For  these 
reasons,  it  is  more  pratical  to  measure  relative  cross 
sections  and  normalize  the  results,  if  possible,  to  absolute 
results  from  other  experiments.  In  this  study,  quantities 
^nA  an<*  nB^  Pr°P°rtional  to  the  average  beam  densities  are 
measured.  The  photon  flux,  S , which  is  proportional  to  R, 

lr 

is  also  measured.  Since  the  product  n^  n^  is  proportional 
to  the  integral  in  (8),  then  Sp  = K'  a (vr ) vr  n^  n^  where  K' is 
a proportionality  constant.  If  the  relative  intensity  of  A, 


I,,  is  measured  instead  of  n ' , the  cross  section  is  given  by 

S v,  A 

0(V  - K 


A B r 


= K a . (v  ) 
rel  r 


(9) 


where  va  is  the  velocity  of  A,  and  nJ  = — has  been  used. 

A A VA 

The  cross  section  is  now  expressed  in  terms  of  quantities 
which  are  measured  experimentally. 

The  cross  section  is  related  to  the  translational 
thermal  rate  constant  k(T)  by 

00  fyQ 

k(T)  = fQ  a(vr)  f(vr)  vrdvr  = K/Q  arel(vr)  f(vr)vrdvr  (10) 
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where  f(vr)  is  the  relative  velocity  distribution  function. 
Thus,  given  k(T)  at  a particular  temperature  and  the 
experimental  determination  of  arei(vr)'  K maY  be  determined 
and  normalization  accomplished.  Note  that,  if  the  cross 
section  is  independent  of  v , 


k (T)  = a vr  (11) 

where  vr  is  the  average  relative  velocity.  Conversion  from 

k(T)  to  a is  often  done  using  (11)  when  information  about 

the  velocity  dependence  of  the  cross  section  is  not  available. 

Equation  (10)  may  be  used  to  calculate  k(T)  from  cross 

section  measurements.  Since  the  cross  section  is  usually 

measured  as  a function  of  the  relative  kinetic  energy 

of  the  reactants,  it  is  convenient  to  express  k(T)  in  terms 

of  E : 
r 


k(T)  = (|f)1/2  /q  Er  0(Er)dEr  (12) 

where  8 = ^p,  k is  the  Boltzmann  constant,  y is  the  reduced 
mass  and  the  normalized  Maxwell-Boltzmann  relative  energy 
distribution  has  been  assumed. 


D.  The  Penning  Ionization  Process 

Theoretical  attempts  to  explain  the  experimental 

measurements  of  Penning  ionization  cross  sections  have 

resulted  in  a fairly  well-established  picture  of  the  dynamics 

involved.  Early  theoretical  attempts  had  very  few  accurate 

23 

measurements  for  testing  their  results.  Ferguson  correlated 
momentum  transfer  cross  sections  (calculated  from  simple 
kinetic  considerations)  with  experimental  cross  sections 
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for  metastable  helium  reactions  with  the  rare  gases,  nitrogen, 

and  mercury.  Bates  et  al . proposed  the  formation  of  an 

initial  collision  complex  A*+  (XY)  *-+-  (AXY)  * , and  Penton  and 
25 

Muschlitz  suggested  that  competition  between  pre- ioniza- 
tion and  dissociation  of  the  collision  complex  could  explain 
measured  isotope  effects  and  the  presence  of  associative 
ionization  products. 

More  recently,  Penning  electron  spectroscopy  results26 
indicate  a direct  mechanism,  rather  than  complex  formation. 

A physical  description  of  the  Penning  process,  called  the 
electron  exchange  mechanism,  has  been  given  by  Niehaus27  and 
by  Stedman  and  Setzer.  For  He (2  S)  colliding  with  N2, 
the  predominant  interactions  are  between  the  electrons  in 
the  5a^,  40^,  and  orbitals  of  N2  and  the  half  empty  Is 

3 

orbital  of  He ( S) . A nitrogen  electron  tunnels  to  the 
vacant  Is  orbital  of  He  and  the  helium  2s  electron  is  ejected. 
This  description  is  consistent  with  early  observations  that 
the  reactivity  of  the  metastable  rare  gas  atoms  in  Penning 
ionization  reactions  increases  with  electron  accepting 
ability . 26 

The  presently  accepted  theoretical  formulation  of  the 
Penning  ionization  process  is  due  to  Nakamura29  and  Miller30 
(the  classical  treatment  discussed  here  follows  Miller's 
closely) . 
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Consider  the  following  ionization  processes: 

A*  + XY  -»■  A + XY+  + e (13) 

+ AXY+  + e (14) 

(13)  and  (14)  are  described  in  terms  of  the  interaction 
potential  curves  of  the  reactant  and  product  species.  Figure 
1 depicts  these  Born-Oppenheimer  potential  curves.  V[A*-XY], 
the  entrance  channel  interaction  potential,  is  shown  as  purely 
repulsive  although  shallow  attractive  wells  exist  for  many 
pairs  (a  well  depth  of  0.004  eV.  has  been  measured^  for 
He*  - Ar) . V [A-XY+ (1 , 2, 3 ) ] are  exit  channel  interaction 
potentials  for  three  different  electronic  states  of  XY+. 

These  are  depicted  as  attractive  to  allow  for  associative 
ionization  (well  depths  for  He  - XY+  are  probably  ^ 0.1  eV.).32 
The  shaded  area  denotes  a continuum  of  states  which  dissociate 
to  A + XY  + e(e)  at  R = 00  where  e(e)  represents  an  electron 
with  continuously  variable  energy  e.  So,  V[A*-XY]  is  em- 
bedded in  the  continua  of  all  three  exit  channels. 

For  every  value  of  R along  the  entrance  channel  there 
is  a width  T (R)  associated  with  V (A*-XY)  in  which  transfer 
from  the  discrete  electronic  state  to  the  continuum 
V [A-XY+ (1, 2, 3)  + e]  may  occur.  Thus  T (R)  (which  has  the 
units  of  energy  and  represents  a coupling  between  the  channel 
and  the  continuum)  is  called  the  autoionization  width.  This 
coupling  vanishes  at  infinite  separation,  i.e.,  T (R)  + 0 as 
R 00 • r (R)  may  be  obtained  from  electronic  structure  cal- 
culations with  some  difficulty.  The  kinetic  energy,  e,  of 
the  electron  for  a transition  to  V[A-XY+(1)]  is  given  by: 
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Figure  1,  Penning  Ionization  Interaction  Potential  Curves 
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e = V [A*-XY  ] R - V [ A-XY  (1)]R  - AE^  - AE^ 

where  AE  . , and  AE  . are  the  differences  between  the  initial 
vib  rot 

and  final  vibrational  and  rotational  energies,  respectively. 

For  atom-atom  collisions,  the  spherical  symmetry  of  the 
problem  allows  separate  treatment  of  the  radial  motion  for 
each  value  of  the  angular  momentum  (Jlh)  . For  metastable  atom 
collisions  with  molecules,  the  lack  of  spherical  symmetry  may 
be  ignored  if  R is  large  enough  compared  with  the  XY  equilib- 
rium internuclear  distance.  The  appropriateness  of  this 

assumption  for  the  He*/N2  system  has  been  discussed  by 

33 

Hotop  and  Niehaus. 

Let  P^ln(R)dR  be  the  probability  that  transition  to  the 
continuum  occurs  in  the  interval  R R + dR  on  the  incoming 
trajectory. 

r°°~  in,B,Jn1/r(R)'4  , dR  „ (15) 


Pjin(R)dR  = [l-/"p/n(R)dR]('1^I)(^|K)) 

X/ 


where  the  radial  velocity  v^ (R)  is  given  by 

? 2 

v (R)  = (£[E-V(A*-XY)-^-^-]  )1/2 
* y 2]iR 


(16) 


By  converting  (15)  to  a differential  equation  and  solving. 


„ in  /E>»  T (R)  r . 

po  exp  [-/ 


r (R) 

R "hv£  (R) 


dR] 


a nv£(  r) 

From  (15)  and  (17)  , 

/R0PJin(R)dR  = 1 ~ eXP'-;R0Sl^R)dR1 

where  RQ  is  the  classical  turning  point  (that  is,  where 
v^ (R)  = 0).  Similarly, 


(17) 


(18) 


P"°UtdR  = eXPI'/R0^)dRl(1-eX^-/R0^TR) 


V* 


dR]) (19) 
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(18)  and  (19)  are  the  probabilities  that  transition  to  the 
continuum  occurs  somewhere  along  the  incoming  or  outgoing 
trajectory,  respectively.  Thus  the  proability  P , of  a 
transition  during  the  entire  collision  is  the  sum  of  (18) 
and  (19) : 

P£  = 1_exp  t-2/Roiw^lR)dR]  <20> 

Finally,  the  cross  section  for  total  ionization  is 
given  by: 

aT  = ~ 2 |(2ji+l)p£  (21) 

k0 

where  = ^(E-V(A*-XY)  . Equations  (16),  (20),  and  (21) 

Ti 

allow  the  calculation  of  oT  if  V(A*-XY)  and  r (R)  are  known. 

If  the  potential  V[A-XY+]  has  sufficient  well  depth  to 
support  bound  vibrational  states,  associative  ionization 
may  occur. 


E.  The  Excitation  Transfer  Process 

By  analogy  with  Penning  ionization,  the  excitation 

transfer  process  leading  to  neutral  products,  reaction  (1) , 

has  been  visualized  as  an  electron  exchange  mechanism. 

In  the  Ar*/N2  case,  an  electron  from  the  4^  or  5 orbital 

of  N2  occupies  the  vacancy  in  the  argon  3p  orbital,  and  the 

4s  electron  of  Ar  enters  the  2tt  orbital  of  N„.  In  terms 

y z 

of  the  interaction  potentials,  a double  curve  crossing, 
similar  to  that  proposed  by  Herschbach34  for  alkali  atom 
reactions,  was  suggested:"^  the  first  transition  is  from 
the  Ar*  - N2  curve  to  the  Ar  - N2+  coulombic  curve;  the 
second  is  from  the  coulombic  curve  to  one  of  the  open  exit 
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channels,  Ar  + N2*.  The  long  collision  duration  required 
by  such  a mechanism,  as  well  as  various  characteristics  of 
the  rotational  spectrum  of  N2  (C3IIu)  observed  in  flowing 
afterglow  studies,  led  to  the  proposal  of  a collision 

complex,  ArN2*,  from  which  the  observed  excited  states  of 

3 3 

N2  (b  an^  C nu)  are  produced. 

. 3 5 

Piper  et  a 1 . pointed  out  that  such  a charge  transfer 
curve  crossing  mechanism  is  not  practical  for  Ar*  collisions 
with  a target  gas  that  has  an  ionization  potential  greater 
than  about  14  eV.  (the  ionization  potential  of  N2  is  15.6  eV.). 
In  addition,  a recent  differential  scattering  study  of 
Ar*/N2  reports  a backward-peaked  Ar  scattering  distribution 
indicative  of  a direct,  rather  than  complex,  mechanism  for 
excitation  transfer.36  Piper  et  al.35  suggested  a single 
curve-crossing  mechanism.  If  the  repulsive  wall  of  the 
Ar*  - n2  potential  rises  at  smaller  internuclear  separations 
than  the  repulsive  wall  of  the  Ar  - l?2*  potential,  the  input 
channel  cannot  cross  exit  channels  which  lie  below  it  at 
R = 00 • However,  internally  excited  states  of  N2*  may  lie 
above  the  input  channel  and  close  enough  in  energy  that  the 
crossing  may  be  reached  in  a thermal  energy  collision. 

Regarding  a process  as  starting  on  one  potential  energy 
curve  and  ending  on  another  is  a two-state  approximation  to 
the  impact  parameter  method  of  calculating  cross  sections.37 
Most  of  the  probability  for  transition  is  obtained  from  the 
region  of  the  trajectory  where  the  initial  and  final 
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potential  curves  come  close  to  each  other.  The  treatment, 
due  to  Landau  and  Zener,  yields  and  expression  for  the 
cross  section,  o,  as  a function  of  relative  velocity,  v, 
for  atom-atom  collisions: 


a (v)  = 4ttR^  [eo  (— T-B 
0 3 a v 


E (iUL)  j 

3 a v 


(22) 


-zy 


where  E3(z)  - / dy.  Expressions  for  a and  6 are  given 

y 

m reference  37  - they  are  calculated  from  electronic 
Hamiltonian  matrix  elements.  A discussion  of  the  application 
of  the  Landau-Zener  model  to  reaction  (6)  is  given  in 


Chapter  VI. 


E • Purpose  and  Scope  of  Present  Study 
The  reactions,  (6)  and  (7),  chosen  for  this  investiga- 
tion have  been  thoroughly  studied  by  many  of  the  techniques 
mentioned  in  section  IB.  One  reason  for  this  is  that  the 
information  desired  here  is  of  such  a specific  nature  (cross 
sections  for  transfer  from  particular  translational  and  elec- 
tronic states  to  specific  electronic  states)  that  the  results 
need  to  be  interpreted  by  comparison  with  more  general 
results  (cross  sections  for  total  ionization  or  excitation 
for  example) . From  a more  practical  point  of  view,  the 
cross  sections  for  reactions  chosen  for  study  on  this  appa- 
ratus must  be  large  enough,  to  result  in  a measurable 
photon  flux.  The  radiative  lifetimes  of  N_ (C)  and  N+(B) 
have  been  reported  as  28  nsec. and  59  nsec*  respectively , ^ ^ 
so  that  all  of  the  sensitized  fluorescence  occurs  at  the 
intersection  region  of  the  two  beams. 


Total  quenching  cross 


16 


I 


I 


I 


I , i ; 

) I J ■ 


sections  (K  ) of  5.8  ( P2)  and  2.5  (3Pq)  have  been  reported 

for  (6)  at  300°K?5  Total  quenching  cross  sections  of 
1 3 

12.5(2  S)  and  5.21(2  S)  have  been  reported  for  (7)  at  mi* 
o 41 

300  K.  Typical  photon  flux  measurements  for  these  systems 
are  given  in  Chapter  IV.1  Fof  various  reasons,  discussed 
in  Chapter  IV,  fluorescence  from  N2  (B)  and  N*  (A)  was  riot 
measurable.  , , 

The  purpose  of  this  investigation  was  to  introduce  a 
new  technique  for  studying  electronic  energy  transfer  pro- 
cesses, measure  the  relative  cross  sections  of  reactions 
(6)  and  (7)  as  a function  of  the  relative  translational 
energy  of  the  reactants,  and  interpret  the  results  in  such 
a way  as  to  further  elucidate  the  excitation  transfer  and 
Penning  ionization  mechanisms  involved. 

Chapter  II  is  a description  of  the  apparatus  used. 

The  vacuum  system  as  a whole  is  discussed,  and  then  the 
experiment  is  broken  down  into  its  various  components  — 
metastable  beam  production  and  analysis,  nozzle  beam  pro- 
duction and  analysis,  photon  detection,  and  data  handling. 
Chapter  III  presents  data  and  calculations  which  describe 
the  metastable  and  nozzle  beams  in  terms  of  their  intensities 
and  their  velocity  distributions.  Chapter  IV  describes 
general  experimental  procedures  as  well  as  details  relating 
to  the  specific  systems  studied.  In  Chapter  V the  measured 
relative  cross  sections  versus  relative  translational  energy 
are  presented  and  the  reliability  of  the  data  is  discussed. 
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Chapter  VI  is  a discussion  of  the  results  of  this  study. 
Previous  measurements  relevant  to  the  systems  studied  are 

" • . • I 

examined  and  possible  mechanisms  which  reconcile  these 
measurements  are  discussed. 


CHAPTER  II 


DESCRIPTION  OF  THE  APPARATUS 
A.  Introduction 

Figure  2 is  a photograph  of  the  main  vacuum  chamber 
which  is  constructed  from  2"  thick  aluminum.  The  apparatus 
consists  of  three  vacuum  chambers,  inlet  manifolds  for  the 
two  crossed  beams,  and  the  electronic  instruments  required 
for  measuring  the  variables  in  equation  (9). 

A schematic  drawing  of  the  vacuum  chambers  and  major 
instrumentation  is  shown  in  figure  3.  The  metastable  atom 
beam  is  produced  in  a low  voltage,  D.C.  discharge  cell  in 
the  discharge  chamber  (section  IIC) . The  beam  is  formed  by 
effusion  through  a slit  in  the  discharge  cell  and  collimated 
by  two  more  slits  prior  to  entering  the  velocity  selector. 

The  velocity  selector  is  a rotating,  slotted— disc  device 
(section  IID)  which  not  only  filters  the  atoms  with  respect 
to  speed,  but  also  keeps  direct  light  from  the  discharge  cell 
out  of  the  main  chamber.  The  beam  exits  the  discharge  chamber 
through  another  narrow  slit,  passes  between  two  sweep  plates, 
where  charged  particles  are  deflected  out  of  the  beam,  and 
intersects  the  target  beam.  A movable  beam  flag  may  terminate 
the  beam  or  allow  it  to  hit  the  excited  atom  detector  (either 
a Faraday  cup  detector  or  an  electron  multiplier  depending 
on  the  experiment  - see  section  IID) . 
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Figure  3.  Crossed  Beam  Apparatus 
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The  target  beam  is  a supersonic  nozzle  beam  formed  by 
maintaining  high  target  gas  pressure  behind  a small  orifice 
in  the  nozzle  cap  located  at  the  end  of  an  oven.  The  velocity 
of  the  target  beam  may  be  increased  by  the  technique  of 
seeding,  or  by  increasing  the  temperature  of  the  oven.  The 
target  beam  exits  the  nozzle  chamber  through  a specially 
designed  skimmer  mounted  on  the  wall  of  the  nozzle  chamber, 
and  enters  the  main  chamber  where  it  is  collimated  and,  then, 
modulated  by  a mechanical  chopper.  After  intersecting  the 
metastable  atom  beam  at  right  angles,  the  target  molecules  are 
detected  by  a quadrupole  mass  spectrometer,  and  velocity 
analyzed  by  time  of  flight  (section  IIF) . 

Light  emission  from  the  intersection  region  is  measured 
by  photon  counting.  Photons  are  collected  (by  a lens  and  a 
mirror  located  above  and  below  both  beams)  and  focused  onto 
the  cathode  of  a photomultiplier  (section  IIG) . Pulses  from 
the  photomultiplier  are  amplified  and  counted  by  a dual  channel 
counter.  Signal  averaging  is  accomplished  by  synchronizing 
the  counter  gates  with  the  target  beam  modulation  frequency. 

The  apparatus  described  above  permits  the  measurement 
of  all  quantities  necessary  to  calculate  the  relative  cross 
section  — photon  flux,  metastable  atom  beam  intensity  and 
velocity,  and  target  beam  density  and  velocity.  The  main 
features  are  1)  a metastable  atom  beam  velocity  selected 
by  a mechanical  selector  and  velocity  analyzed  in  a separate 
experiment  by  time-of -flight;  2)  a nozzle  beam  whose  velocity 
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is  varied  by  seeding  and  velocity  analyzed  by  time  of  flight; 
3)  detection  of  fluorescence  in  the  intersection  zone  by 
photon  counting  and  signal  averaging.  The  various  components 
of  the  apparatus  are  described  in  detail  in  the  following 
sections. 

® • Gas  Inlet  Manifolds  and  Vacuum  Chambers 
A schematic  drawing  of  the  manifold  for  delivering  the 
gas  used  in  the  discharge  is  shown  in  figure  4.  Helium  or 
argon  from  Airco  cylinders42  passes  through  stopcock  1 into 
a liquid  nitrogen  or  dry  ice  - acetone  cooled  trap.  This 
serves  to  remove  any  condensable  impurities  which  may  effect 
the  discharge,  contaminate  the  filament,  or  attenuate  the 
metastable  atom  beam.  After  passing  through  stopcock  3,  the 
discharge  gas  pressure  is  reduced  from  a pressure  of  approxi- 
matelY  three  PSI  to  less  than  one  torr  by  passing  through 
a manually  controlled  leak  valve.  The  leak  valve  is  adjusted 
to  give  the  desired  backing  pressure  as  read  on  a Wallace 
and  Tier nan  absolute  pressure  gauge43aor  a Pirani  gauge.44 
The  Pirani  gauge  was  originally  calibrated  for  air  and  was 
not  re-calibrated  for  argon  or  helium,  so  measurements  using 
it  are  not  accurate.  It  does,  however,  allow  reproduction 
of  discharge  conditions  from  day  to  day.  The  Wallace  and 
Tierrxan  gauge  readings  are  not  possible  at  the  low  pressures 
used  in  the  argon  discharge.  Therefore  the  Pirani  gauge 
was  used  for  argon.  The  discharge  gas  then  enters  the  dis- 
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Figure  4.  Discharge  Gas  Inlet  Manifold 
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charge  cell  through  valve  5.  During  normal  operation  valves 
2,  4,  and  6 are  closed. 

The  discharge  gas  inlet  manifold  is  evacuated  by  a 
Cenco  roughing  pump45  until  the  pressure  is  low  enough  to 
open  valve  6 and  further  evacuate  the  line  through  the 
discharge  chamber  pumps. 

The  target  gas  delivery  manifold  is  shown  in  figure  5. 

If  the  target  gas  is  pure  nitrogen,  valves  1,  2,  and  10  only 
are  opened  and  the  nitrogen  tank  regulator  valve  is  adjusted 
to  give  the  desired  backing  pressure  (typically  18  PSI)  as 
read  on  a Wallace  and  Tiernan  gauge. 43b  if  the  nitrogen  beam 
is  seeded  with  helium,  valves  1,  3,  4,  10  and  5,  7,  8 are 
opened.  All  the  valves,  except  4 and  8,  are  shut-off  valves. 

4 and  8 are  leak  valves  which  are  adjusted  to  give  the  desired 
flow  rates  as  measured  by  Hastings  mass  flowmeters , 46  (FM)  . This 
system,  with  high  pressures  behind  valves  4 and  8,  allows 
independent  control  over  both  beam  components  over  a wide 
range  of  pressures  so  that  stable  mixtures  of  any  proportion 
are  possible. 

A 7 micron,  mesh  filter4^  (between  valve  10  and  the 

nozzle  oven)  removes  any  small  particles  which  might  clog  the 
nozzle  channel. 

The  target  gas  manifold  is  evacuated  by  a small  roughing 
pump  until  the  pressure  (as  read  on  a thermocouple  gauge4^a) 
is  low  enough  to  open  valve  11,  and  further  evacuate  the  line 
through  the  nozzle  chamber  pumps. 
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Figure  5.  Target  Gas  Inlet  Manifold 
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The  discharge  chamber  is  evacuated  by  an  NRC  4"  oil 
4 9ci 

diffusion  pump  backed  by  a Welch  roughing  pump.^8a 

Ultek  foreline  trap  prevents  contamination  of  the  diffusion 

pump  oil  by  the  mechanical  pump  oil  vapor.  The  discharge 

chamber  pressure  is  monitored  by  an  ionization  gauge“*2a 

located  on  the  back  wall  of  the  discharge  chamber.  The  nozzle 

chamber  is  evacuated  by  a 6"  oil  diffusion  pump49b  (with 

a "Mexican  hat"  cap  to  prevent  backstreaming  of  the  diffusion 

pump  oil  into  the  nozzle  chamber)  and  a Welch  forepump. 50b 

The  nozzle  chamber  pressure  is  monitored  by  an  ionization 
52a 

gauge  located  on  the  back  wall  of  the  nozzle  chamber. 

The  foreline  pressures  for  both  the  nozzle  and  discharge 
pumps  are  monitored  by  NRC  thermocouple  gauges.490  The  main 
chamber  is  evacuated  by  a 10"  oil  diffusion  pump48b  with  a 

r n 

refrigerated  baffle  and  a roughing  pump.50c  The  main 
chamber  pressure  is  monitored  by  an  ionization  gauge52a  lo- 
cated on  the  main  chamber  wall,  almost  directly  behind  the 
excited  atom  detector.  The  foreline  pressure  is  monitored 
by  a thermocouple  gauge. 52b 

Typical  static  chamber  pressures  measured  are  recorded 
below: 


Discharge  chamber: 

1 x 

lO"6 

torr 

Nozzle  chamber: 

1 x 

i— ■ 
o 

1 

-vl 

torr 

Main  chamber: 

2 x 

10"6 

torr 

The  diffusion  pumps  are  protected  in  several  ways.  A 
relay  which  shuts  off  all  three  diffusion  pumps  may  be 
triggered  in  two  ways.  If  a leak  causes  the  main  chamber 
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foreline  pressure  to  rise  above  150  microns  (this  may  be 
varied)  the  relay  is  triggered  from  the  vacuum  controller.5213 
If  the  main  diffusion  pump  cooling  water  flow  decreases  below 
an  adjustable  level,  then  the  relay  is  triggered  from  a water 
flow  monitor.  Additionally,  the  4"  and  6"  diffusion  pumps 
have  protective  thermostats  which  prevent  over-heating. 

C . Metastable  Beam  Production 

The  low  voltage,  D.C.  discharge  cell  is  similar  to  the 
55 

one  used  by  Tang.  Figure  6 is  a top  view  photograph  of 
the  discharge  cell  1 and  the  velocity  selector  2.  The  2.6” 
long  cylindrical  cell  has  walls  made  from  50mm  diameter 
quartz  tubing . The  back  wall  of  the  cell  (away  from  the 
velocity  selector)  is  a copper  block  with  a hole  for  inserting 
and  removing  the  filament  assembly.  The  front  wall  (anode) 
of  the  cell  is  a circular  copper  plate  with  a 0.024"  wide 
source  slit.  The  anode  is  water  cooled  by  a copper  water 
line  which  runs  about  four-fifths  of  the  way  around  the 
circumference.  This  prevents  overheating  of  the  source 
during  operation  at  the  high  filament  currents  and  voltages 
used  in  this  study.  It  was  necessary  to  keep  reflected 
light  from  the  discharge  out  of  the  main  chamber  by  shielding 
the  quartz  cell  with  a cylindrical  piece  of  aluminum  mounted 
from  the  anode.  Since  the  other  end  of  this  shield  could  not 
extend  all  the  way  to  the  back  plate  without  shorting  the 
anode  to  ground,  a strip  of  quartz  tape  was  wrapped  around 
the  gap.  This  shield  makes  the  source  somewhat  hotter  than 
Tang's  source. 
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The  filament  assembly  is  shown  in  figure  7.  The  filament 
is  a 2.7"  long,  0.125”  wide,  tungsten  ribbon,  cataphoretically 
coated  with  thoria  to  reduce  the  work  function.  55  it  is 
spot  welded  between  two  nickel  tabs  which  are  spot  welded  to 
inconel  studs.  Two  different  stud  lengths  and  several 
different  filaments  lengths  were  tried  in  order  to  find  a 
combination  that  gave  the  maximum  metastable  atom  intensity. 
Longer  filaments  than  the  one  chosen  tended  to  sag  toward  the 
bottom  of  the  cell.  The  studs  are  press  fit  (also  held  with 
a set  screw)  over  insulated  feed  throughs  which  carry  the 
filament  current  from  heavy,  flexible  copper  braid,  through 
the  circular  copper  base  which  press  fits  into  the  grounded, 
copper  block,  to  the  filament.  The  flexible  braid  permits 
removal  of  the  filament  assembly  without  also  removing  the 
aluminum  flange  through  which  electrical  connections  are 
made  to  the  vacuum  system.  The  distance  from  the  maximum 
extention  of  the  filament  to  the  anode  is  approximately  0.33". 

Figure  8 is  a schematic  drawing  of  the  discharge  cir- 
cuitry. The  filament  is  biased  at  +30  volts  (from  a Lambda 
power  supply57)  in  order  to  reduce  the  destruction  of  the 
filament  coating  caused  by  positive  ion  bombardment.  The 
filament  current  is  supplied  by  a Trygon,  current-regulated, 
D.C.  power  supply.  The  anode  voltage  and  emission  current 
are  controlled  by  a Sorenson  D.C.  power  supply5^  which  is 
operated  in  the  current  limiting  mode.  The  emission  current 
is  set  at  the  desired  level,  and  the  anode  voltage  is  altered 
in  order  to  maintain  the  desired  emission  current.  The 
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Figure  8.  Discharge  Circuitry 
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emission  currents  chosen  represent  a compromise  between 
metastable  intensity  and  filament  lifetime.  The  discharge 
pressures,  emission  currents  and  anode  voltages  used  in  this 
study  are  given  below: 

Discharge  Pressure  (Torr)  Emission  Anode 

Gas  Current (amps)  Potential (volts) 

Argon  0.14  1.0  30 

Helium  0.74  2.0  130 

If  argon  is  the  discharge  gas,  the  q metastable 

states  are  formed  as  well  as  many  other  neutral  and  ionic 
excited  states.  All  neutral  states  except  the  metastable 
states  raoiate  long  before  leaving  the  discharge  chamber.  Any 
charged  particles  leaving  the  discharge  chamber  are  removed 
from  the  beam  by  sweep  plates  in  the  main  chamber.  Therefore, 
the  argon  discharge  source  results  in  a beam  of  atoms  con- 
taining only  ground  state  and  ^p^  q metastable  argon  atoms. 

Using  a source  similar  to  this  one,  Tang  measured  a ^p ^/^P q 
ratio  of  approximately  7. 60 

If  helium  is  used  as  the  discharge  gas,  only  the  ground 
^1  3 

state  and  2 ' S metastable  states  remain  in  the  beam.  The 

singlet  component  is  greatly  reduced  by  superelastic  collisions 
with  electrons  : 

He(2'LS)  + e ->•  He(2^S)  + e 

So,  it  is  expected  that  the  metastable  helium  beam  used 
in  this  study  consists  mostly  of  triplet  states,  but  the 
exact  percentages  of  each  component  are  not  known. 
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D*  Metastable  Beam  Velocity  Selection  and  Analysis 

After  leaving  the  discharge  cell  through  the  slit  in 
the  anode  plate,  the  metastable  atom  beam  is  collimated  by 
passing  through  two  slits  mounted  on  aluminum  plates  which 
also  support  the  motor  for  the  velocity  selector  (see 
figure  6).  These  slits  are  0.020"  wide.  The  collimated 
beam  then  enters  the  velocity  selector. 

The  velocity  selector,  shown  in  figure  9,  is  constructed 
according  to  the  design  of  Grice. ^ Its  short  rotor  length 
(slightly  over  one  inch)  is  convenient,  and  contributes  to 
its  relatively  high  transmission.  The  five  selector  discs, 
made  of  Alcoa  2024-T3  aluminum  alloy,  are  four  inches  in 
diameter  and  each  has  248  slots.  By  inserting  two  parallel 
rods  through  alignment  holes  (180°  apart  on  each  disc), 
proper  positioning  of  the  discs  relative  to  each  other  was 
insured.  The  calculation  of  the  proper  angular  and  spatial 
relationships  of  the  discs  is  discussed  by  Kinsey.  The 
discs  and  aluminum  spacers  slip  over  an  aluminum  arbor  which 
is  screwed  directly  to  the  motor  shaft.  In  this  respect,  the 
Grice  design  differs  from  earlier  velocity  selector  designs. 
The  light  weight  of  the  rotor  and  the  mounting  design  min- 
imizes the  problem  of  motor  vibration.  The  motor  is  press 
fit  into  an  aluminum  cylinder  cut  with  grooves.  Wrapped 
through  these  grooves  are  taut  phosphor  bronze  windings, 
the  ends  of  which  are  attached  to  the  same  aluminum  uprights 
which  hold  the  collimating  slits.  The  end  of  the  motor 
opposite  the  selector  discs  is  counter— balanced  by  a spring 
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attached  to  a brass  shaft  extending  out  the  rear  of  the  motor. 

The  other  end  of  the  spring  is  connected  to  the  base  plate 

supporting  the  aluminum  uprights.  Thus,  the  motor  is  free 

to  find  its  own  axis  of  rotation. 

The  motor  is  a TRW,  400hz.,  synchronous,  hysteresis 
64  s. 

motor  which  is  driven  by  a California  Instruments 
oscillator  whose  output  is  amplified  by  an  Inver tron  wide 
band  amplif ier . 66k  The  selector  frequency  is  varied  over 
the  range  of  50  herz  to  450  herz  by  changing  the  oscillator 
frequency  and  coupling  capacitor  to  the  appropriate  values. 

A schematic  drawing  of  the  motor  circuitry  is  shown  in 
figure  10. 

Several  motor  bearings  were  tried.66  All  of  them 


tended  to  get  very  hot  at  frequencies  greater  than  350  herz. 
Even  Barden  bearings  coated  with  a teflon  coating  by  Ball 
Brothers,  which  worked  well  for  Tang,67  were  ruined  by  the 
hicfh  temperature.  The  bearings,  located  inside  the  motor 
casing,  were  apparently  heated  not  only  by  frictional  contact 
with  the  shaft,  but  also  by  the  motor  itself.  After  some 
minor  modifications  to  aid  heat  dissipation,  it  was  decided 
to  monitor  the  temperature  carefully  (via  a chromel-alumel 
thermocouple  inserted  into  the  brass  shaft  very  close  to  the 
rear  motor  bearing),  and  lubricate  the  bearings  periodically 
with  a lubricant  obtained  from  Ball  Brothers.68 

The  base  plate,  onto  which  the  aluminum  motor  supports 
fastened,  is  slotted  in  such  a way  as  to  allow  the  rear 
upright  to  be  moved  closer  to  or  farther  away  from  the  other 
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Figure  10.  Velocity  Selector  Motor  Circuit 
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upright,  and  tilted  as  desired.  In  this  way,  the  spring 
mount  (and,  thus,  the  selector  discs)  can  be  adjusted  so 
that  the  disc  faces  are  always  perpendicular  to  the  beam 
path.  The  underneath  side  of  the  base  plate  was  cut  length- 
wise with  two  parallel,  cylindrical  grooves,  which  fit  exactly 
over  two  parallel,  aluminum  rods  mounted  from  the  base  of 
the  chamber.  Once  set  on  these  rods,  the  velocity  selector 
could  be  slid  easily  forward  or  backward  while  maintaining 
the  slit  alignment. 

The  frequency  of  rotation  of  the  selector  discs  is  mea- 
sured directly.  A light  emitting  diode69  is  mounted  between 
the  last  two  discs  so  that  it  lines  up  with  one  of  the  same 
holes  used  for  alignment  purposes.  A photodiode70  is  mounted 
behind  the  last  disc  along  the  same  line.  The  photodiode 
pulses  enter  a shaping  circuit,  described  in  appendix  II  and 
are  counted  by  a pulse  counter  made  in  this  laboratory. 

Since  there  are  two  alignment  holes,  the  measured  frequency 
must  be  divided  by  two.  Figure  11  is  a schematic  drawing  of 
the  frequency  counting  circuitry. 

The  relation  of  the  various  velocity  selector  parameters 

to  the  transmitted  beam  velocity  has  been  discussed  by 

71 

Hostettler  and  Bernstein  whose  notation  is  used  in  this 
description.  The  parameters  for  two  sets  of  discs  are 
defined  and  listed  in  Table  I. 

As  used  in  the  present  study,  the  term  nominal  velocity 
denotes  the  velocity  corresponding  to  maximum  transmitted 
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Figure  11,  Velocity  Selector  Frequency  Measurement 
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TABLE  I 

Parameters  For  Velocity  Selector  Discs 


Parameter 

Definition 

Set  I 

Set  II 

£1 

slot  width 

0.022" 

0.022" 

l2 

n 

average  tooth  width 
£1 

h + h 

0.0255" 

0.463" 

0.0255" 

0.463" 

r 

radius  of  disc 

1.86" 

1.86" 

<t> 

helix  angle 

2° 

3° 

Y 

h 

r<(> 

0.339 

0.226 

d 

disc  thickness 

0.031" 

0.031" 

L 

length  of  rotor 

1.229" 

1.186" 

6 

d/L 

0.0252 

0.0261 

R 

resolution  - 

1-Y 

0.  355 

0.261 

G 

transmission  = nr(l-— 

Y 

0.135 

0.081 

X 

2ttL 

5.622m 

3 . 610m 

f 

rotational  frequency 

vo 

Xf 

V 

max 

,1-6, 

1- Y V0 

1. 475vq 

1.258vQ 

V 

mxn 

,1+6, 

(1+Y,V0 

0.765vq 

0 . 837vq 
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beam  density.  The  quantity  vQ  is  the  velocity  which  the 
velocity  selector  transmits  most  efficiently. 

The  intensity  distribution  of  the  transmitted  beam, 
T(Vq),  is  related  to  the  intensity  distribution  of  the 
incident  beam,  I(v),  and  the  velocity  selector  slit  function 


B(v),  by  the  equation 


T(v0)  = /vmaX  I(v)  B(v)dv 
min 


v 


where  B(v)  = B^vjor  B2(v)  and  B^vpl  - [ (1+g)—  - l]y 

voV 

applies  for  vmin  < v < vQ  and  B2(v)~l  + [(1-g)—  - l]y 
applies  for  v^  < v < vmav.  If,  as  Tang  discovered  in  his 


(23) 

-1 


max 
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analysis,  discharge  conditions  are  such  that  the  beam  is  an 
effusive  one, 

2 

x / \ ~ 3 -rav  /2kT 

I(v)  v e ' (24) 

The  temperature  of  the  source  may  be  estimated  by  finding 


the  value  of  the  temperature  in  (24)  which  makes  T(vQ)  in 
(23)  best  fit  the  experimental  measurement  of  transmitted 
intensity  versus  velocity. 

It  should  be  noted  that  the  velocity  corresponding  to 
the  maximum  intensity  at  a particular  selector  frequency  is 
not  necessarily  v^;  Vq  is  the  velocity  for  which  the  slit 
function  B(v)  is  a maximum.  If  I (v)  is  changing  rapidly 
over  the  range  vm^n  to  vmax,  the  velocity  corresponding  to 
maximum  intensity  will  differ  significantly  from  Vq.  This 
effect  is  discussed  with  the  presentation  of  metastable  beam 
characterization  measurements  in  Chapter  III. 
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T ( v0 ) is  measured  experimentally  with  the  excited  atom 
detector  (Faraday  cup)  located  as  shown  in  figure  3.  The 
metastable  atom  beam  passes  through  a 0.040"  wide  slit  and 
impinges  on  a gold  surface,  ejecting  secondary  electrons. 

The  secondary  electrons  are  drawn  away  from  the  gold  surface 
to  the  walls  of  the  surrounding  chamber  by  a potential  of 
45  volts.  A schematic  drawing  of  the  Faraday  cup  is  shown 
m figure  12.  The  resulting  current  is  measured  with  a 
Keithly  electrometer73  employing  a 1011  ohm  input  resistor. 

This  current  is  proportional  to  the  excited  atom  flux  which 
is  monitored  continuously  during  the  experiment  and  included 
in  the  cross  section  calculation  as  discussed  in  section  IC . 

In  order  to  evaluate  the  performance  of  the  velocity 
selector,  a time-of-f light  analysis  of  the  metastable  atom 
beam  was  carried  out  in  a separate  experiment.  A chopper 
was  mounted  immediately  behind  the  discharge  chamber  exit 
slit  in  the  main  chamber.  A schematic  drawing  of  the  chopper 
xs  shown  in  figure  13.  It  is  similar  to  the  nozzle  beam 
chopper;  and  a detailed  description  of  the  circuitry,  instru- 
mentation, and  procedure  used  for  measuring  the  velocity 
distribution  is  given  in  the  nozzle  beam  analysis  (section  IIF) . 
The  two  analyses  are  identical  except  that  the  metastable  atom 
detector  is  a Bendix  magnetic  electron  multiplier74  while 
the  nozzle  beam  detector  is  an  electron  beam  ionizer.  Figure 
14  is  a schematic  drawing  of  the  magnetic  electron  mul- 
tiplier, mount,  and  associated  circuitry.  The  Faraday  cup, 
used  to  measure  the  relative  metastable  atom  intensity  in 
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Figure  12.  Faraday  Cup  Excited  Atom  Detector 
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Figure  13.  Metastable  and  Target  Beam  Chopper 
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Figure  14.  Magnetic  Electron  Multiplier 
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the  fluorescence  experiments,  responds  much  too  slowly  to 
intensity  changes  to  be  used  for  the  time-of— flight  analysis. 
On  the  other  hand,  the  electron  multiplier  was  not  as  desir- 
able for  continuous  intensity  monitoring  due  to  significant 
zero  drift. 

The  intensity  and  velocity  characteristics  of  the 
metastable  atom  beam  are  presented  and  discussed  in  section 
III  B. 


E.  Nozzle  Beam  Production 

The  target  beam  in  this  study  is  a supersonic  nozzle 

beam.  The  primary  advantages  of  such  nozzle  beams  over 

effusive  beams  (increased  intensity  and  narrow  velocity 

distribution)  as  well  as  other  useful  features  have  been 

7 S 

discussed  by  several  authors. 

7 6 

A schematic  drawing  of  the  components  which  form  the 
nozzle  beam  is  shown  in  figure  15.  The  nozzle  oven  is  an 
inconel  cylinder,  4"  long,  0.375"  internal  diameter,  1" 
outer  diameter.  The  cap  is  a truncated  cone,  made  of  inconel, 
with  a 0.002"  diameter  hole  drilled  through  a 0.010"  channel. 
The  skimmer  is  a hollow,  brass  cone  with  a 0.040"  diameter 
opening  in  the  tip.  The  skimmer  is  screw-mounted  to  the 
exit  wall  of  the  nozzle  chamber  and  serves  the  purpose  of 
removing  unused  gas  and  defining  the  beam  path  in  the  region 
of  high  gas  pressure.  The  nozzle  cap  is  screw-mounted  to 
the  end  of  the  oven.  The  oven  itself  is  mounted  on  an 
aluminum  rod  which  may  be  extended  toward  or  withdrawn  from 
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Figure  15.  Nozzle  Oven,  Cap,  and  Skimmer 
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the  skimmer  by  a screw  mechanism  operated  through  the  vacuum 
chamber  wall.  The  nozzle  cap  to  skimmer  distance  is  read 
on  a micrometer  dial  actuated  by  the  external  end  of  the 
aluminum  rod.  The  oven  is  connected  to  the  target  gas  inlet 
by  a flexible  copper  tube  to  allow  the  required  oven  move- 
ment. This  nozzle  source  design  allows  interchangeability 
of  nozzle  caps  and  skimmers  as  well  as  optimization  of 
nozzle  beam  intensity  and  velocity  distribution  with  respect 
to  nozzle-skimmer  distance. 

The  channeling  of  internal  energy  and  random  translational 

energy  into  translational  energy  E directed  along  the  beam 

z 

axis  produces  the  nozzle  beam  characteristics  of  increased 

energy  and  intensity  as  compared  with  effusive  beams.  By 

assuming  that  the  expansion  from  the  nozzle  source  is  isen- 

tropic  and  that  radial  flow  conditions  exist,  the  ratio  of 

the  beam  temperature  T to  the  oven  temperature  Tg  may  be 

estimated.  In  the  limit  of  complete  expansion,  conservation 
77 

of  enthalpy  permits  calculation  of  the  beam  energy  from 

Ez  - Vo  <25) 

^ 7k 

where  C ~ for  nitrogen. 

P ^ 

Theoretical  nozzle  beam  intensities  and  velocity 

distributions  have  been  discussed  by  Anderson  and  Fenn78  who 

derived  the  following  expression  for  the  relative  density 

as  a function  of  relative  flight  time: 

S =1  exp{-  hih  (£  -l)2  - (b-1)2]}  (26) 

S T4  Z T 

max 

b = |[1  + (1+16/yM2) 1/2] 
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where  s/smax  is  the  ratio  of  the  beam  density  at  a particular 
flight  time  to  the  maximum  beam  density,  t is  the  ratio  of 
the  time-of-f light  to  the  time-of- flight  for  which  S is  a 
maximum,  Mg  is  the  Mach  number  at  the  skimmer  entrance,  and 
y is  the  heat  capacity  ratio  C /C  . The  Mach  number  is 

Jr  v 

defined  as  the  ratio  of  the  bulk  stream  velocity  u to  the 
speed  of  sound  in  the  gas:  Mg  = YykT/m) ’ Usin9  equation 

(26) , the  Mach  number  which  best  characterizes  the  nozzle  beam 
may  be  estimated  by  comparison  with  the  experimentally  deter- 
mined velocity  distribution.  Further  discussion  of  nozzle  beam 
intensity  and  velocity  distributions  is  included  with  the 
nozzle  beam  characterization  experiments  in  Chapter  IIIC . 

The  translational  energy  of  the  nozzle  beam  may  be 
increased  by  heating  the  source  or  by  mixing  the  primary 
beam  gas  with  a lighter  one.  At  the  high  densities  of  the 
nozzle  source,  both  components  will  have  the  same  velocity; 

but  because  of  the  different  masses,  the  beam  energies  will 
77 

be  different.  In  such  a beam,  the  energy  of  molecule  i is 

M.  _ 

given  by  E.  = ~ C T where  M.  is  the  molecular  weight  of 
M ^ u 1 

component  i,  M is  the  average  molecular  weight,  and  C is  the 

P 

average  molar  heat  capacity.  Seeding  can  have  a significant 
effect  on  the  beam  geometry  at  the  interaction  zone.  This 
problem  is  discussed  in  Chapter  III. 

F . Nozzle  Beam  Analysis 

The  target  gas  exits  the  nozzle  chamber  through  the 
skimmer.  The  beam  is  further  defined  by  passing  through 
a 0.079"  diameter  collimator.  The  beam  is  modulated  by  a 
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chopper  mounted  on  the  main  chamber  side  of  the  wall  separat- 
ing the  two  chambers.  The  same  mount  holds  the  collimator. 
The  chopper  motor  is  a TRW,  60  hz.  synchronous,  hysteresis 
motor  which  is  driven  by  a Krohn-Hite  oscillator793  whose 
output  is  amplified  by  a Krohn— Hite  wide  band  amplifier . 7 

Modulation  of  the  target  beam  accomplishes  three  pur- 
poses. It  permits  phase  sensitive  measurement  of  the  nozzle 
beam  intensity,  determination  of  the  beam's  velocity  profile, 
and  signal  averaging  of  the  photon  flux.  The  chopper  design 
(figure  13)  allows  all  of  these  functions  to  be  performed 
simultaneously.  Two  long  beam  pulses  and  two  short  pulses 
are  produced  with  each  revolution  of  the  chopping  wheel. 
Accompanying  each  beam  pulse  is  an  electrical  signal  from 
the  photocell  ' located  180°  from  the  beam  position.  The 
short  pulses  are  formed  when  the  narrow  (0.010")  slot 
traverses  the  beam.  This  short  beam  pulse  travels  from  the 
chopper  across  the  main  chamber  (21.20")  to  the  nozzle  beam 
detector  where  it  is  velocity  analyzed  as  discussed  below. 

The  long  beam  pulses  (5.0  msec. wide)  provide  the  majority 
of  the  beam  molecules  contributing  to  the  sensitized  fluores- 
cence and  relative  target  beam  density  measurements. 

The  nozzle  beam  detector  is  an  EAI  quadrupole  mass 
80a. 

spectrometer,  shown  schematically  in  figure  16.  The  beam 
is  collimated  prior  to  entering  the  ionization  chamber  by 
a 0.070"  wide  slit.  Ionization  is  accomplished  by  electron 
impact  (45  eV.  electrons  in  these  experiments).  The  ions 
formed  were  drawn  into  the  quadrupole  and  mass  analyzed.  The 
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Figure  16.  Target  Beam  Detector 
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quadrupole  is  set  at  mass  28 (N+)  in  order  to  detect  the 
primary  target  gas  in  the  presence  of  the  seeding  gas.  The 
current  pulse  from  the  electron  multiplier8013  is  converted  to 
a voltage  pulse  and  further  amplified  by  a fast  response 
two-stage  amplifier  circuit  shown  in  Appendix  I. 

The  pulses  from  the  photocell  provide  the  reference  for 
phase  sensitive  detection  of  the  target  beam  intensity  and 
the  trigger  for  the  velocity  profile  measurement.  The  alter- 
nating long  and  short  pulses  are  first  shaped  into  square  waves 
and  then  separated  into  separate  trains  of  long  and  short 
pulses  by  the  circuit  described  in  Appendix  III.  Square  pulses 
longer  than  1200  ysec. qualify  as  long  pulses  and  become 
available  at  one  output  while  those  square  waves  which  are 
shorter  than  800  ysec. are  provided  at  the  other  output. 

The  relationships  between  photocell  pulses  (henceforth 
called  optical  pulses)  and  beam  pulses  as  detected  by  the 
ionizer-mass  spectrometer  are  depicted  in  figure  17. 

The  output  of  the  first  stage  of  the  beam  pulse  amplifier 

(Appendix  I)  is  fed  to  the  signal  input  of  a PAR,  lock-in 
8 la. 

amplifier  whose  reference  is  provided  by  the  long  optical 
pulses.  Thus,  only  those  signals  with  a 100  hz. component 
are  detected;  and,  additionally,  signals  with  a 100  hz.  com- 
ponent but  out  of  phase  with  the  reference  are  not  amplified. 
Since  beam  pulses  are  slightly  out  of  phase  with  optical 
pulses  by  an  amount  corresponding  to  the  flight  time,  a phase 
adjustment,  provided  as  a front  panel  control,  is  made  for 
each  target  beam  velocity. 
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Since  the  feedback  resistor  of  the  current-to-voltage 
converter  is  105fi,  the  electron  multiplier  anode  current 
due  to  the  modulated  target  beam  is  given  by  the  lock-in 
voltage  reading  divided  by  105n.  A typical  lock-in  voltage 
measurement  for  a pure  nitrogen  nozzle  beam  was  2mV.  so  that 

the  100  hz.  component  of  the  anode  current  is  approximately 
2xio®  amp . 

The  output  of  the  second  stage  of  the  beam  pulse  amplifi- 
er is  fed  into  a PAR,  waveform  eductor8 lb  triggered  by  the 
short  optical  pulses.  The  waveform  eductor  has  50  channels, 
a variable  sweep  width  (50  ysec.  to  5.5  sec.),  and  a variable 
delay  (10  ysec.  to  11  sec.)  between  arrival  of  the  triggering 
pulse  and  the  beginning  of  the  sweep.  The  delay  is  determined 
by  measuring  the  time  between  the  arrival  of  the  triggering 
pulse  and  the  production  of  a gating  pulse  (which  starts  the 
sweep)  on  a dual  beam  oscilloscope.823  The  variable  delay 
allows  shorter  sweeps  and,  thus,  better  resolution  in  terms 
of  the  number  of  y sec, per  channel.  Once  the  delay  is  accurate- 
ly known,  the  nominal  flight  time  (the  flight  time  correspon- 
ding to  maximum  density)  is  read  directly  from  an  oscillo- 
scope where  the  beam  profile  from  the  eductor  output  is  dis- 
played. 

Figure  18  is  a photograph  showing  the  spatial  relation- 
ships of  the  beam  chambers  and  detectors.  Magnetic  beam 
flag  1 designed  for  the  metastable  atom  beam  was  not  used 
in  any  of  these  experiments;  repeated  mechanical  failure 
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finally  resulted  in  its  replacement  by  the  manually  rotated 
beam  flag  2 for  purposes  of  zeroing  the  electrometer.  The 
other  components  are  labeled  as  follows:  discharge  chamber-3, 

nozzle  chamber-4,  Faraday  cup-5,  ionizer-mass  spectrometer-6, 
chopper- 7. 

Measurements  of  the  nozzle  beam  velocity  profile  are 
presented  in  section  IIIC  along  with  calculations  of  relative 
beam  intensities  and  nominal  velocities. 

G.  Photon  Collection  and  Detection 

Fluorescence  from  the  intersection  region  is  collected 
and  focused  on  the  photomultiplier  cathode  by  the  optics 
shown  in  figure  19.  An  aspheric  condensing  lens^a  made  of 
ordinary  crown  glass  is  located  at  a distance  above  the  inter- 
section region  roughly  equal  to  the  focal  length  (38.1  mm). 

A concave  mirror  is  located  at  its  radius  of  curvature 
(34  mm)  away  from  the  intersection  zone.  Therefore,  it 
reflects  light  back  through  the  interaction  zone  to  be 
collected  by  the  lens. 

The  conically  shaped,  aluminum  light  baffle  helps  elimi- 
nate stray  reflected  light.  The  lens,  mirror,  and  light 
baffle  are  mounted  inside  an  aluminum  tube  (3"  in  diameter) 
which  is  fastened  to  the  lid  of  the  main  chamber  (see  figure 
19).  The  approximately  parallel  light  rays  exit  the  vacuum 
system  through  a Pyrex  window  mounted  in  a flange  to  the  lid 
of  the  chamber.  The  optical  tube  helps  keep  reflected  stray 
light  from  being  detected  as  background  noise.  The  openings 
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Figure  19.  Photon  Collection 
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in  the  tube  at  the  beam  entrances  are  large  enough  that 

pumping  the  residual  gas  out  of  the  tube  is  not  a problem. 

Light  leaving  the  vacuum  chamber  strikes  the  S— 20 

cathode  (with  extended  red  response)  of  an  EMI  photomulti- 
. . 84 

pixer.  it  is  cooled  with  a Products  for  Research  thermo- 
electric refrigerator85  to  -25°C  under  which  conditions  the 
dark  noise  is  approximately  10  counts/sec,  at  a bias  potential 
of  1250  volts  supplied  from  a Northeast  power  supply.88  The 
location  of  the  photomultiplier  (PM)  on  the  lid  of  the  main 
chamber  may  be  seen  in  figure  2.  Directly  above  the  Pyrex 
window  is  an  aluminum  tray  for  the  purpose  of  inserting 
appropriate  filters  between  the  window  and  the  cathode. 

Above  this  tray,  a manual  shutter  seals  off  the  multiplier 
from  radiation  when  photon  measurements  are  not  being  made 
and  when  the  dark  noise  contribution  to  background  is  deter- 
mined. 

The  wavelength  response  of  the  detection  system  is 
effected  by  the  transmission  efficiency  of  the  optics  and 
the  quantum  efficiency  of  the  extended  S-20  cathode.  Figure 
20  shows  these  efficiencies  as  a function  of  the  emitted 
photon  wavelength.  The  significance  of  these  response  char- 
acteristics is  discussed  in  Chapter  IV. 

Pulses  from  the  photomultiplier  are  amplified  by  an  SSR, 

87a 

linear  amplifier,  and  counted  by  an  SSR  digital  synchronous 
87b 

computer.  This  dual  channel  photon  counter  while  operating 

in  the  chop  mode  stores  counts  in  one  of  two  channels 
determinod  by  pulses  received  at  its  trigger  input.  The  gating 
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is  accomplished  by  the  long  optical  pulses  from  the  nozzle  beam 
chopper.  The  same  long  pulses  which  trigger  the  lock-in 
amplifier  are  fed  into  a Hewlett-Packard  pulse  generator8213 
operated  in  the  pulse  delay  mode.  In  this  way,  the  long 
optical  pulse  is  reproduced  exactly  except  that  it  is  delayed 
by  200  psec . (which  is  plenty  of  time  for  the  target  beam  to 
travel  the  approximately  2.2"  from  the  chopper  to  the  inter- 
section zone) . The  pulses  from  the  pulse  generator  trigger 
the  dual  channel  counter.  When  a positive  pulse  is  received 
at  the  trigger  input,  scaler  A accumulates  counts  corresponding 
to  fluorescent  emission  plus  background.  When  the  pulse  goes 
to  zero,  scaler  B accumulates  counts  corresponding  to  back- 
ground only.  An  important  feature  of  the  SSR  counter  is 
that  its  internal  clock  insures  that  the  counting  time  (ad- 
justed by  a rear  panel  control)  for  each  channel  is  exactly 
the  same.  For  4.0  msec,  out  of  the  5.0  msec,  (for  100  hz. 
modulation)  corresponding  to  a beam  pulse,  counts  accumulate 
in  scaler  A.  The  next  1.0  msec. is  dead  time.  When  the  pulse 
goes  to  zero  at  5.0  msec.,  counts  accumulate  in  scaler  B for 
4.0  msec.  After  a 1.0  msec,  delay  the  process  is  repeated 
for  the  number  of  cycles  pre-set  on  a front  panel  control. 

The  difference  in  the  number  of  counts  in  scalers  A and  B 
corresponds  to  counts  due  to  fluorescent  emission  only  - all 
other  contributions  should  average  to  zero.  The  long  dead 
time  of  1.0  msec-  is  not  characteristic  of  the  counter  itself, 
but  it  was  chosen  because  it  makes  timing  errors  (such  as 
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those  caused  by  slight  variations  in  the  oscillator  fre- 
quency) insignificant.  The  accumulated  counts  in  scalers 
A and  B,  as  well  as  their  sum  and  difference,  are  available 
as  output. 


H . Data  Handling 

The  outputs  of  the  electrometer  and  lock-in  amplifier 

are  recorded  by  a Leeds  and  Northrup,^  dual  channel  chart 

recorder.  They  are  also  displayed  digitally  on  two  Digitec, 

8 9a 

digital  voltmeters  (DVM  in  figure  3) . 

The  two  digital  voltmeters  and  the  photon  counter  are 
interfaced  to  a teletype^  with  an  interfacing  system. 

When  the  desired  number  of  cycles  (pre-set  on  the  photon 
counter)  is  reached,  the  contents  of  scalers  A and  B,  their 
sum,  and  their  difference  are  printed  on  one  teletype  line. 
On  the  next  line  are  printed  the  panel  meter  readings  which 
are  frozen  at  the  instant  that  printing  of  the  second  line 
begins.  The  counting  process  begins  again  automatically 
unless  the  interface  is  in  the  manual  mode,  in  which  case 
data  collecting  ceases  until  manually  re-started.  The 
counting  process  is  continued  until  suitable  statistics 
are  obtained  as  described  in  Chapter  V. 

I • Modifications  of  the  Present  Apparatus 
Several  modifications  (some  already  in  progress  and 
others  in  the  planning  stage)  promise  to  increase  the  inform- 
ing power  and  efficiency  of  the  existing  apparatus. 
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The  major  modification  (which  is  now  completed)  is  the 

installation  of  a Spex  Minimate  monochromator^  with  a 

o 

dispersion  of  40  A/mm.  Whereas  the  present  measurements  are 
capable  of  separating  photon  emission  contributions  from 
different  electronic  states  only,  the  addition  of  the  mono- 
chromator to  replace  the  optical  filters  will  allow  separation 
of  contributions  from  different  vibrational  levels.  This 
capability  combined  with  the  flowing  afterglow  technique  has 
been  very  informative  and  promises  to  be  extremely  powerful 
when  employed  in  beam  studies  of  the  translational  energy 
dependence  of  electronic  energy  transfer.  With  the  installa- 
tion of  the  monochromator,  low  fluorescent  intensity  becomes 
the  major  problem.  This  problem  may  be  partially  alleviated 
by  removing  the  fifth  velocity  selector  disc  (at  the  cost  of 
reduced  metastable  beam  resolution) , thereby  substantially 
increasing  the  metastable  atom  beam  intensity.  The  nozzle 
beam  intensity  may  be  increased  by  an  improved  nozzle  with 
a smaller  orifice.  If  necessary  in  the  future,  nozzle  beam 
production  may  be  improved  with  faster  pumps  to  allow  greater 
oven  pressures.  Another  possibility  for  increasing  the 
fluorescent  intensity  is  conversion  of  the  discharge  source 
to  a nozzle  beam  source  in  which  metastable  atoms  are  pro- 
duced by  electron  impact. 


CHAPTER  III 


BEAM  CHARACTERIZATION  EXPERIMENTS 
A . Beam  Geometries 

Relevant  distances  and  slit  widths  for  the  metastable 
atom  beam  are  presented  in  Table  II.  All  slits  are  0.25"  in 
height.  From  these  dimensions  it  is  found  that,  in  the 
center  of  the  intersection  zone,  the  metastable  atom  beam 
is  0.35"  high  and  0.040"  wide. 

Relevant  distances  and  slit  widths  for  the  nozzle  beam 
are  presented  in  Table  III.  At  the  center  of  the  interaction 
zone,  the  nozzle  beam  is  0.132"  in  diameter.  Therefore,  the 
interaction  zone  is  approximately  a cylinder  with  a base 
diameter  of  0.132"  and  a height  of  0.040"?  and  the  inter- 
section volume  is  about  4.7  x 10-4in.3  or  7.7  x 10-3cm3 

B-  Characterization  of  Metastable  Atom  Beams 

Metastable  atom  beam  intensities  may  be  estimated  from 
the  secondary  electron  current  measured  by  an  electrometer, 
the  secondary  electron  ejection  coefficients  and  the  beam 
geometry.  The  secondary  electron  ejection  coefficients92  are 
0.66  for  Ar  ( an<^  0.63  for  He  (2  S)  . For  both  helium 

and  argon,  the  maximum  electrometer  signal,  under  the  dis- 
charge conditions  listed  in  section  IIC  and  with  the  2°  discs 

was  approximately  220  mV.  corresponding  to  a current  of 
-12 

2.2  x io  amp.  For  argon,  the  number  of  atoms  detected 
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TABLE  II 

Metastable  Atom  Beam 

Dimensions 

Slit  Widths  (in. ) 

discharge  cell  slit 

0.024 

selector  mount  slit 

0.020 

discharge  chamber  exit  slit 

0.036 

Faraday  Cup  entrance  slit 

0.040 

Bendix  MEM  entrance  slit 

0.010 

Distances  (in. ) 

discharge  cell  slit  to  velocity 
selector  slit  1 

1.73 

velocity  selector  slit  1 to 
velocity  selector  slit  2 

3.00 

velocity  selector  slit  2 to 
charge  chamber  exit  slit 

dis- 

3.55 

dishcarge  chamber  exit  slit 
chopper 

to 

1.40 

chopper  to  intersection  zone 

2.00 

intersection  zone  to  Faraday 
entrance  slit 

cup 

5.05 

intersection  zone  to  Bendix  MEM 
entrance  slit 

15.90 
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TABLE  III 

Nozzle  Beam  Dimensions 
A.  Orifice  diameters  and  slit  widths  (in.) 


nozzle  orifice  0.002 

skimmer  orifice  0.040 

collimator  orifice  0.079 

ionizer  entrance  slit  width  0.070 

B.  Distances  (in.) 

nozzle  to  skimmer  0.45 

skimmer  orifice  to  collimator  2.80 

collimator  to  chopper  0.40 

chopper  to  intersection  zone  1.85 

intersection  zone  to  ionizer  slit  18.95 
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per  sec.  is  given  by  (2.2  x 10  12  amp) (1/1.6  x io"19  coul. 
per  electron)  (1.52  atoms/electron)  or  2.1  x io7  atoms/sec. 

The  solid  angle  subtended  by  the  Faraday  cup  slit  is  found 
from  the  ratio  of  the  slit  area  to  the  square  of  the  source 
slit  - Faraday  cup  distance  to  be  3.6  x io-5  steradians. 

Thus , the  maximum  metastable  argon  beam  intensity  observed 
was  6 x io11  a toms/s teradian  sec.  The  result  for  helium 
was  nearly  the  same. 

Using  equation  (23)  of  section  IID,  the  transmitted 
intensity  distribution  function  T(vQ)  was  calculated  for 
argon  using  parameters  for  the  2°  velocity  selector  discs 
(set  I) . By  comparison  with  the  measured  intensity  distri- 
bution, it  was  found  that  a temperature  of  650°K  gives  the 
best  fit  for  the  assumed  Maxwell-Boltzmann  distribution.  A 
comparison  Oj.  the  calculated  and  experimental  distributions 
is  shown  in  figure  21.  The  integrals  of  equation  (23)  were 
evaluated  (using  Simpson's  Rule)  on  a programmable  calculator.92 
The  experimental  results  were  obtained  by  measuring  the 
relative  intensities  with  the  Faraday  cup  detector  at  various 
velocity  selector  frequencies  f,  and  calculating  vQ  from 

Vo  = Af‘ 

The  experimentally  determined  T(v^)  distribution  for 
helium  is  shown  in  figure  22.  Since  the  peak  of  the  distri- 
bution is  not  reached,  no  attempt  was  made  to  fit  a theoretical 
curve  to  the  experimental  one. 

Figure  21  indicated  that  the  velocity  selector  is  working 
properly.  However,  in  order  to  be  certain  that  there  were 
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Figure  22.  Helium  T(vn)  Distribution 
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no  problems  with  the  selector  (which  is  a new  design  for 
this  laboratory),  a time— of —flight  analysis  of  the  metastable 
atom  beam  was  undertaken. 

The  time— of —flight  analysis  was  accomplished  by  chopping 
the  metastable  atom  beam  at  a frequency  of  90  hz.  using  the 
chopper  of  figure  13. 

It  is  important  in  time-of-f light  measurements  to  know 
accurately  the  timing  relationship  of  the  waveform  eductor 
trigger  pulse  to  the  actual  production  of  a beam  pulse.  It 
is  not  sufficient  to  assume  that  the  triggering  pulse  cor- 
responds to  perfect  alignment  of  the  chopper  slot  with  the 
detected  part  of  the  beam.  Fortunately,  the  discharge  source 
provides  a convenient  way  of  determining  this  relationship. 

The  velocity  selector  discs  were  removed,  and  the  arrival 

light  from  a helium  discharge  was  detected  by  the  multiplier 
and  compared  with  the  arrival  of  the  waveform  eductor  trigger- 
ing pulse.  It  was  found  that  there  were  two  light  peaks 
(due  to  the  narrow  chopper  slots  being  slightly  off  axis) 
which  arrived  19  usee,  and  36  usee,  after  the  waveform  eductor 
was  triggered.  The  measured  flight  times  were  corrected  by 
subtracting  the  average  of  these  two  numbers  (28  usee.) 
which  amounts  to  a correction  of  15%  in  the  least  favorable 
case. 

Typical  time-of-f light  peaks  for  metastable  helium  and 
metastable  argon  are  shown  in  figure  23  for  a velocity 
selector  (using  disc  set  I)  frequency  of  300  hz.  The  intensity 
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distributions  measured  by  the  electron  multiplier  were 
converted  to  density  versus  time-of-f light  plots  since  the 
velocity  used  in  equation  (9)  should  correspond  to  the  max- 
imum beam  density.  The  difference  in  nominal  velocities  for 
helium  and  argon  at  the  same  selector  frequency  is  a phenom- 
enon not  observed  in  higher  resolution  velocity  selectors 
and  requires  some  consideration.  It  is  obvious  that,  v^, 
as  defined  in  Table  I,  should  not  be  taken  as  the  nominal 
velocity  for  this  selector  because  vQ  is  a function  of  the 
velocity  selector  parameters  only  and  should  not  be  different 
for  argon  and  helium.  Further  evidence  of  this  is  shown  in 
figure  24  where  the  factor  X'  relating  nominal  velocity  to 
velocity  selector  frequency  is  plotted  against  the  velocity 
selector  frequency.  If  the  nominal  velocity  were  given  by 
v , X'  would  be  equal  to  X and  would  be  independent  of  fre- 
quency. The  nominal  velocity  is  given  by  vQ  only  in  regions 

of  the  distribution  where  the  Maxwell-Boltzmann  density  dis- 

o 

tribution  function  is  independent  of  velocity.  For  the  2 
discs,  the  relationship  between  vQ  and  the  velocity  correspon- 
ding to  maximum  intensity  is  shown  in  figure  25.  The  product 
I (v)  B (v)  is  plotted  as  a function  of  velocity  for  a source 
temperature  of  650°K  and  a selector  frequency  of  300  hz.  for 
both  helium  and  argon.  It  is  clear  that  Vq  (1686  m/sec.)  is 
not  the  best  choice  for  the  nominal  argon  velocity.  The 
factor  I (v)  is  decreasing  very  rapidly  for  argon  in  the 
selected  velocity  range,  and  the  peak  is  shifted  to  the  low 

On  the  other  hand,  I (v)  for  helium 


velocity  side  of  vQ. 
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changes  only  slightly  in  this  range  (which  includes  the 
maximum  value  of  I (v)  at  approximately  2000  m/sec.)  so  that 
the  triangular  function  B (v)  dominates  and  v^  corresponds  to 
the  velocity  at  the  peak.  The  difference  in  the  peaks  for 
argon  and  helium  corresponds  to  a difference  in  flight  time 
of  55  ysec.  which  agrees  well  with  the  experimentally  ob- 
served difference  of  61  ysec.  (see  figure  23) . The  variation 
of  X'  with  frequency  is  due  to  the  "skewing"  effect  described 
above  which  depends  on  the  portion  of  I (v)  being  sampled  by 
the  selector.  Figure  24  also  presents  the  results  of  time- 
of-flight  analysis  of  the  3°  discs  (set  II).  The  same  effects 
are  present  with  these  discs,  but  to  a lesser  extent  due  to 
the  improved  resolution. 

From  this  analysis  it  was  concluded  that  metastable  atom 
beam  velocities  calculated  from  time-of-f light  should  be  used 
in  cross  section  and  relative  energy  calcuations. 

C . Characterization  of  the  Nozzle  Beam 

Measurements  of  the  variation  of  relative  nitrogen  beam 
intensity  with  nozzle- skimmer  distance  at  a source  pressure 
of  923  torr  are  shown  in  figure  26.  The  beam  is  attenuated 
at  small  distances  by  skimmer  interference  and  at  large 
distances  by  collisions  with  background  gas  between  nozzle  and 
skimmer.94  It  was  found  that  a nozzle  skimmer  distance  of 
0.45"  produced  a greater  photon  flux  (due  to  the  larger 
intersection  volume)  than  the  nozzle-skimmer  distance  (0.65") 
which  produced  the  maximum  nitrogen  beam  intensity.  At 
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distances  less  than  0.45",  the  main  chamber  pressure  rose 
rapidly,  and  the  metastable  atom  beam  was  attenuated.  There- 
fore, 0.45"  was  chosen  for  the  nozzle  skimmer  distance  used 
in  these  studies.  At  the  oven  pressures  of  approximately 

900  torr  used,  the  main  chamber  pressure  was  6 * 10  ^ torr , 

-4 

and  the  nozzle  chamber  pressure  was  3-4  x 10  torr. 

The  velocity  profile  of  the  nozzle  beam  was  measured  as 
described  in  section  IIF.  The  timing  relationship  between 
beam  pulse  production  and  waveform  eductor  triggering  was 
determined  by  simulating  the  nozzle  beam  with  a laser  beam. 

For  this  purpose  , the  nozzle  cap  was  replaced  by  a photocell 
located  in  the  exact  position  as  the  nozzle  orifice.  The 
laser  beam  was  directed  through  the  ionizer  entrance  slit, 
collimator,  and  skimmer  onto  the  photocell.  Pulses  from  the 
photocell  (corresponding  to  beam  pulses)  preceded  the  trigger- 
ing pulses  by  12  usee,  and  the  appropriate  corrections  to 
the  flight  time  were  made.  Another  correction  was  made  for 
the  approximately  8 usee,  required  for  ions  to  pass  from  the 
ionizer  to  the  electron  multiplier. 

The  parameter  which  is  most  often  used  to  characterize 
nozzle  beams  is  the  effective  Mach  number  Mg  at  the  skimmer 
entrance  which  is  related  to  the  more  relevant  speed  ratio  Sg 
by  Sc  = (^-)1//2Mq.  The  effective  Mach  number  may  be  obtained 
experimentally  using  equation  (26)  by  inserting  various  values 
of  Mc  and  comparing  the  calculated  distribution  to  the  experi- 

b 

mentally  measured  one.  In  order  to  estimate  the  value  of 

9 5 

Mg,  the  approximate  relationship  between  the  velocity 
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resolution  and  M was  used: 

b 

Av  ~ 1 . 8 
V ~ MS 

where  Av  is  the  full  width  at  ha If -maximum  (FWHM)  of  the 
distribution  and  v is  the  nominal  velocity.  It  will  be 
shown  in  the  next  section  that  Av/v  for  the  pure  nitrogen 
beam  under  the  experimental  conditions  is  0.19  so  that  the 
approximate  Mach  number  is  9.5.  In  order  to  determine  the 
Mach  number  more  accurately,  the  relative  intensity  was 
plotted  against  relative  time-of-f light  according  to  equation 
(26)  for  M values  of  9,  10,  and  11.  The  results  are  shown 

b 

in  figure  27  along  with  the  experimentally  determined  dis- 
tribution. The  distribution  with  a Mach  number  of  10  best 
fits  the  experimental  data.  The  corresponding  speed  ratio 
is  8.4. 

A complete  expansion  in  which  the  entire  enthalpy  is 

converted  into  directed  translational  motion  would  produce 

a beam  with  translational  energy  given  by  equation  (25) . 

7k  7k  T° 

For  nitrogen  at  room  temperature  Tn,  C * E = — ~ , 

7k  T 1/2  U p z z z 

and  v =( — ^— ^)  = 787  m/sec.  Experimentally  determined 

nominal  velocities  for  the  pure  nitrogen  beam  varied  from 
765  to  787  m/sec.  so  that  expansion  is  very  nearly  complete. 

An  estimate  of  the  amount  of  cooling  which  occurs  upon 
expansion  may  be  obtained  from  the  relation 

T/T0  - <1  - ^ Mg2)'1 

where  T is  a temperature  which  is  associated  with  the  remaining 

internal  and  random  translational  energy  after  expansion. 

For  y = 7/5  and  M = 10,  this  beam  "temperature"  is  found 

b 


d 

o 

•H 


P 

d 

o 

rH 

in 

P 

<T\ 

rH 

i — 1 

d 

o 

p 

It 

II 

ii 

•H 

p 

P 

• in 

S 

s 

s 

d 

P 

p 

T3 

P 

p 

p 

•H 

O 

0 

0 

P 

T3 

4-1 

4H 

4H 

P 

d> 

W 

d 

d 

d 

d 

•rH 

■H 

0 

o 

0 

D 

£ 

-rH 

•H 

■H 

P 

P 

p 

P 

P 

<U 

d 

d 

d 

P 

P 

p 

p 

p 

tn 

0) 

P 

•rH 

•rH 

P 

n3 

P 

p 

P 

fH 

P 

p 

P 

Cm 

>i 

W 

tn 

in 

p 

P 

■H 

•rH 

4H 

rH 

T3 

tl 

0 

Id 

Tl 

P 

T) 

t) 

d) 

d 

d) 

d) 

d) 

£ 

(U 

P 

P 

P 

P 

id 

id 

id 

E-< 

-H 

p 

p 

p 

P 

0 

d 

d 

d) 

d) 

V 

o 

o 

> 

o. 

i — i 

i — i 

p 

•H 

X 

fd 

id 

id 

P 

w 

u 

u 

u 

CtJ 

1 

1 

rH 

1 

QJ 

• 

1 

1 

1 

• 

1 

r~ 

CM 

<D 

a 

tr> 

•rH 

C«H 


87 


m 


(N 


O 
» I 


cr> 


03 


XBUI 


S/S 


Relative  TOF 


88 


to  be  15°K.  Calculation  of  translational  beam  energy  using 
Ez  = cp (TQ-T)  predicts  a bulk  stream  velocity  of  767  m/sec. 
which  is  in  the  range  of  experimentally  observed  nominal 
velocities . 

The  effect  of  seeding  the  nitrogen  beam  with  various 
amounts  of  helium  is  that  the  nominal  velocity  may  be 
increased  continuously  to  a velocity  of  approximately  twice 
that  of  the  unseeded  beam  before  the  nitrogen  density  becomes 
too  small  to  produce  a measurable  photon  flux.  This  is 
accomplished  with  slightly  improved  resolution  over  the 
unseeded  beam.  This  is  discussed  further  in  section  HIE. 
Typical  nominal  velocities  achieved  by  seeding  and  the 
effect  on  nitrogen  beam  density  in  the  intersection  zone 
are  shown  below: 

Time-of-f  light  (ysec.)  nominal  velocity  (m/sec.)  rel.  N2  density 


1 

694 

776 

• 1.00 

2 

598 

900 

1.05 

3 

466 

1155 

0.67 

4 

378 

1424 

0.25 

The  relative  densities  were  calculated  from  the  normalization 

procedure  described  in  section  VB.  Beam  condition  1 is  a 

pure  nitrogen  beam  at  an  oven  pressure  of  900  torr.  The 

seeded  beams  tabulated  above  are  characterized  by  the  total 

oven  pressure  P and  the  nitrogen  flow  rate  F: 

3 

P(PSI)  F (standard  cm  /minj 

2 14.0  27.5 

3 10.2  10.5 


4 


10.3 


3.6 
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D . Accessible  Velocity  and  Energy  Ranges 

The  velocity  selector  described  in  section  IID  has  a 
frequency  range  of  75  - 450hz.  At  lower  frequencies  the 
discs  do  not  straighten  out  properly,  and,  above  450  hz.  , the 
bearings  heat  up  extremely  rapidly.  Using  the  2°  velocity 
selector  discs,  the  range  of  v^  is  422  - 2529  m/sec.  Due  to 
the  variation  of  A'  with  frequency,  the  accessible  nominal 
velocity  range  differs  from  the  vQ  range.  For  instance, 
with  argon  under  typical  source  conditions,  the  lowest 
accessible  argon  nominal  velocity  is  484  m/sec.  This  range 
of  vQ  includes  the  peak  of  the  argon  T(vQ)  distribution  at 
127  hz.  where  v^  = 714  m/sec.  (see  figure  21) . The  3°  discs 
sample  a vQ  range  of  271  - 1625  m/sec.  which  includes  practi- 
cally all  of  the  argon  t(vq)  distribution.  The  peak  is  found 
at  a frequency  of  about  200  hz.  Except  for  the  very  low 
energy  measurements,  the  2°  discs  were  used  instead  of  the 
3°  discs  for  the  Ar*/N2  measurements  because  they  allow  the 
selector  to  be  run  at  lower  frequencies  prolonging  the  life- 
time of  the  bearings. 

The  portion  of  the  helium  T(vQ)  distribution  which  is 
accessible  is  much  more  limited.  With  the  2°  discs,  the 
peak  of  the  helium  distribution  is  almost  reached,  but  the 
higher  velocity  part  (where  the  intensity  would  be  expected 
to  remain  high  over  a considerable  range)  cannot  be  used. 

The  energy  range  of  the  Ar*/N2  experiment  is  limited  on 
the  low  energy  end  by  the  minimum  nitrogen  nominal  velocity 
(780  m/sec.)  possible  and  the  minimum  argon  nominal  velocity 
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(300  m/sec.).  These  correspond  to  a relative  velocity  of 
840  m/sec.  and  a relative  energy  of  0.060  eV.  At  the  high 
energy  end,  the  range  is  limited  by  the  rapidly  decreasing 
photon  signal  with  increasing  energy,  as  both  beam  densities 
decrease.  The  argon  beam  density  decreases  because  the 
velocity  selector  is  sampling  the  argon  T(vQ)  distribution 
at  large  velocities  (1334  m/sec.  for  the  maximum  argon 
nominal  velocity  used)  and  the  nitrogen  beam  density  decreases 
as  larger  percentages  of  helium  are  added  to  the  beam.  The 
maximum  nitrogen  velocity  used  was  1433  m/sec.  so  that  the 
maximum  relative  velocity  and  relative  energy  were  1958  m/sec. 
and  0.327  eV.,  respectively. 

The  energy  range  of  the  He*/^  experiment  is  limited  on 
the  low  energy  end  by  the  low  helium  beam  density.  The  mini- 
mum helium  nominal  velocity  used  (1020  m/sec.)  corresponds  to 
the  lowest  beam  density  which  still  results  in  a measurable 
photon  flux  when  interacting  with  a pure  nitrogen  beam  with  a 
nominal  velocity  of  780  m/sec.  The  corresponding  relative 
velocity  and  relative  energy  are  1280  m/sec.  and  0.030  eV . 

At  the  high  energy  end,  the  range  is  limited  by  the  maximum 
velocity  selector  frequency  possible  (450  hz.  corresponding 
to  a helium  nominal  velocity  of  2570  m/sec.).  Seeding  the 
nozzle  beam  is  not  nearly  as  effective  a means  of  extending 
the  range  to  higher  energies  as  it  is  for  the  Ar*/^  experimeni , 
because  the  relative  velocity  is  dominated  by  the  higher 
velocity  helium  beam.  The  maximum  nitrogen  nominal  velocity 
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used  (1410  m/sec.)  allowed  a maximum  relative  velocity  of 
2933  m/sec.  and  a maximum  relative  energy  of  0.157  eV . 

This  is  only  0.02  eV.  greater  than  the  maximum  energy  obtained 
with  a pure  nitrogen  beam. 


E.  Velocity  and  Energy  Resolution  Calculations 

The  relative  velocity  resolution  of  this  experiment 

2 

may  be  expressed  in  terms  of  the  variance  c (v^): 

2,  , 2,dV2  ^ „ 2 ,dvr,2 

0 vr  ' °A  W + °B  <dvT) 

9 7 1 /?A  ^ 2 . 

where  v = (v,  + v„  ) ' is  the  relative  velocity,  afl  is 
r A B A 

2 . 

the  velocity  variance  of  beam  A,  and  is  the  velocity 

variance  of  beam  B.  Since  dv  /dvA  = v^/v^.  and  dvr/dvB  = VB/Vr' 


°<V  = |-‘0aV  + °BVll/2- 

r 


(27) 


Since  it  is  easier  to  measure  the  half-widths  of  velocity 

distributions  than  it  is  to  determine  the  standard  deviations, 

equation  (27)  is  re-written  as 

Avr  = ^[(Ava)2va2  + (Avb)2vb211/2 
r 

where  Av  , Av-  , and  Avn  are  the  half-widths  of  the  distribu- 
r A B 

tions.  For  Gaussian  distributions,  the  half-width  is  2.354 
times  the  standard  deviation.  The  relative  velocity  resolu- 
tion w(vr)  is  given  by 

W(V  = + <AvV>1/2 

r Ava  Avb 

or,  in  terms  of  the  resolutions  wA  = — — and  w0  = — — •- 


B 


, . 1 r 2 4 . 2 4,1/2 

w(v  ) = — 7[w  vA  + wB  vB  ] 

vr 


(28) 
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The  relative  energy  resolution  w(Er)  is  related  to  w(vr) 
by  w (Er ) = 2 w (vr ) . 

From  Table  I it  is  seen  that  the  velocity  selector 

resolution  is  constant  for  a particular  set  of  discs.  This 

v - v . 

resolution  corresponds  to  ~m^X~2~y — and  (vmax  - vmin)/2 
is  equal  to  the  half -width  for  triangular  distributions; 
that  is,  when  the  distribution  is  dominated  by  the  slit 
function.  The  resolution  as  defined  by  the  selector  para- 
meters will  deviate  slightly  from  the  resolution  calculated 
from  the  half-width  for  non-triangular  distributions.  Values 
of  the  resolution  calculated  from  the  time-of -flight  profiles 
are  preferable;  however,  many  of  the  time-of -flight  measure- 
ments for  the  metastable  atom  beam  were  made  under  conditions 
in  which  the  ha If -width  was  severely  broadened  due  to  back- 
ground. Measurements  made  under  favorable  conditions  of 
intensity  produced  resolutions  close  to  the  values  of  0.36 
and  0.21  expected  for  discs  I and  II,  respectively.  Therefore, 
these  values  for  the  metastable  atom  beam  resolution  were 
used  in  the  relative  velocity  resolution  calculations. 

The  results  for  the  four  nozzle  beam  conditions  used  are 
shown  in  Table  IV  for  Ar*/N2  and  the  2°  selector  discs  (set  I). 
The  resolution  is  better  at  the  larger  nitrogen  and  smaller 
argon  beam  velocities  where  the  poor  argon  beam  resolution  is 
less  important.  The  results  for  the  3°  discs  on  this  same 
system  are  shown  in  Table  V.  The  argon  beam  resolution  is 
comparable  to  the  nozzle  beam  resolution  so  that  w(vr)  is 
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aPproximately  constant  over  the  whole  range  in  which  these 
discs  were  used. 

The  results  for  He*/N2  and  the  2°  discs  are  presented 
in  Table  VI.  The  resolution  is  slightly  worse  due  to 
domination  by  the  faster  (and  more  poorly  resolved)  helium 
beam. 

In  summary , the  relative  velocity  resolution  behaves 
in  a rather  complicated  way  over  the  energy  ranges  studied. 

The  resolution  is  best  for  Ar*/N2  at  the  very  low  energies 
(where  the  3°  discs  are  used)*  For  a particular  nozzle  beam 
condition,  the  resolution  with  the  2°  discs  is  best  at  the 
lower  energies  (where  the  slow  argon  beam  is  less  important) , 
but  the  resolution  improves  with  increasing  energy  when  the 
energy  increase  is  due  to  a faster  nozzle  beam.  The  same 
comments  apply  to  the  He*/N2  system  except  that  the  low 
energy  results  were  obtained  with  the  2°  discs  and,  therefore, 
are  more  poorly  resolved  than  the  low  energy  Ar*/N2  results. 
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CHAPTER  IV 


EXPERIMENTAL  PROCEDURE  FOR  CROSS  SECTION  MEASUREMENTS 

A.  Optical  Considerations  for  Ar*/N^ 

The  optical  spectra  observed  in  flowing  afterglow 

measurements  are  useful  in  designing  the  experiments  described 

9 6 9 7 

here.  Stedman  and  Setser  and  Setser  et  al.  studied  the 

3 

Ar ( P2  q)/N2  system  and  observed  three  emission  bands: 

C3n  -*■  B3II  2nc3  positive 

u g 

B3IIg.  ■+  A^E+  1st  positive 

A3E  + -*■  X^E  + Vegard-Kaplan 

go  * 

Relevant  potential  energy  curves  for  N2  and  N2  are  shown  in 
. 3 + 

figure  28.  The  A E^  is  a metastable  state  and  the  A X 
transition  was  only  observed  at  times  > 50msec.  downstream 
from  the  mixing  zone  in  flowing  afterglow  studies  and  there- 
fore is  not  observed  in  the  present  experiment.  The  B -*■  A 
transition  occurs  over  a wide  range  of  wavelengths  greater  than 
5000  A,  the  most  intense  band  being  the  (0,0)  band  at  10510  8. 
Therefore,  the  most  intense  transitions  are  not  detected  at 
all  by  the  apparatus  of  this  study,  and  the  few  that  are 
observed  are  detected  with  very  low  sensitivity  (see  figure 
20) . Additionally,  the  lifetime  of  the  B excited  states  de- 
pends strongly  on  the  particular  vibrational  transition,  and 
some  of  these  lifetimes  are  relatively  long.  An  average 
lifetime  of  the  B state  is  7 ysec.  which  corresponds  to  a 
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Internuclear  distance  (A) 

Figure  28.  Nitrogen  Potential  Curves 
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movement  from  the  point  of  excitation  of  0.6  to  1.2  cm,  de- 
pending on  the  nitrogen  velocity,  before  fluorescence  occurs. 
Transitions  to  the  higher  A vibrational  levels  are  even 
slower,  and  a significant  portion  of  the  fluorescence  may 
be  lost.  The  C 11^  -*  B II  transition  was  observed  in  flowing 
afterglow  studies  over  the  wavelength  range  3100-4100  A with 
the  most  intense  transition  (0,0)  at  3371  A.  These  transition 
occur  in  the  range  where  our  photomultiplier  sensitivity  is 
greatest.  The  approximate  lifetime  for  the  C -+  B transition 
is  50  nsec,  so  that  all  the  fluorescence  occurs  in  the  inter- 
section zone. 

In  order  to  observe  the  relative  contributions  of  the 

C + B and  B -+  A transitions  to  the  photon  flux,  a cut-off 

filter3-8^*  was  used  to  eliminate  transitions  at  X < 5000  A. 

In  this  way  it  was  determined  that  the  B -*■  A signal  was  about 

5%  of  the  OB  signal  and  remained  nearly  constant  over  the 

entire  energy  range  studied.  Additionally,  the  relative  cross 

section  as  a function  of  relative  translational  energy  was 

determined  over  a limited  energy  range  using  a pure  nitrogen 

target  beam  with  a cut-off  filter830  which  eliminated  transi- 

o 

tions  at  X > 4750  A.  This  experiment,  compared  with  results 

obtained  with  no  filter,  confirmed  the  approximately  constant 
5%  B -*■  A contribution.  Since  better  counting  statistics  were 
obtained  with  no  filter,  the  ArMC)/^  cross  section  measure- 
ments were  obtained  without  a filter.  The  signal  observed 
from  the  B -*■  A transition  was  too  small  to  permit  accurate 
measurements  due  to  the  reasons  mentioned  above. 
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Consideration  must  be  given  to  possible  errors  caused 
by  the  variation  of  detection  efficiency  with  wavelength. 

This  is  a problem  only  if  the  relative  vibrational  energy 
level  populations  1^,  change  with  relative  collision  energy. 
Table  VII  lists  the  principal  C -*•  B transitions  for  the 
lower  C state  vibrational  levels,  the  corresponding  wave- 
lengths, the  Franck-Condon  factors'*"^  associated  with  the 
transitions,  and  the  detection  efficiency.  The  latter  is 
the  product  of  the  cathode  quantum  efficiency  and  the  lens 
transmission  of  the  optical  system.  Significant  errors  may 
arise  if,  for  instance,  the  population  of  the  v*  =1  level 
increased  at  the  expense  of  the  v'  = 0 level.  Then,  some  of 

the  light  which  had  been  emitted  from  v'  = 0 and  detected  at 

o 

relatively  high  efficiency,  is  emitted  at  3159  A where  the 
detection  efficiency  is  lower.  The  cross  section  will  thus 
appear  to  decrease  even  if  there  is  no  change  in  the  overall 
population  of  the  electronic  state.  However,  the  relative 
vibrational  level  populations  1^:  1^:  I 2 were  found  to  be 
100:  18:  2.5  at  300°K  and  100:  20:  3 at  77°K  in  flowing 
afterglow  studies.  Therefore,  the  relative  vibrational 
energy  level  populations  are  not  very  sensitive  to  collision 
energy,  and  errors  due  to  the  wavelength  response  of  the 
detection  system  should  be  small. 

The  photon  count  rates  due  to  velocity  selected  inter- 
actions of  Ar*  with  N2,  background  count  rates,  and  required 
observation  times  for  the  relative  standard  deviations 
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TABLE  VII 


Optical 

System 

Response  To  N2 (C) 

+ N2(E) 

Transitions 

v' 

v" 

o 

A (A) 

FCa 

DE  (% 

0 

0 

3371 

0.45 

14 

0 

1 

3577 

0.33 

15 

0 

2 

3805 

0.15 

18 

0 

3 

4059 

0.05 

19 

1 

0 

3159 

0.39 

5 

1 

2 

3537 

0.20 

15 

1 

3 

3756 

0.20 

18 

1 

4 

3998 

0.11 

19 

1 

5 

4270 

0.05 

18 

2 

0 

2977 

0.13 

1 

2 

1 

3136 

0.32 

5 

2 

3 

3500 

0.06 

15 

2 

4 

3711 

0.16 

17 

2 

5 

3943 

0.14 

19 

2 

6 

4200 

0.083 

18 

3 

1 

2962 

0.25 

1 

3 

2 

3117 

0.16 

3 

3 

3 

3285 

0.12 

9 

3 

5 

3672 

0.089 

18 

3 

6 

3895 

0.14 

19 
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TABLE  VII  - 

continued 

v' 

v" 

o 

A (A) 

FCa 

3 

7 

4142 

0.11 

3 

8 

4417 

0.06 

FC  Franck  Condon  factors 
k DE  Detection  efficiency 


DE ( % ) b 
18 
17 
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achieved  are  listed  in  Table  VIII  for  some  typical  beam 
conditions.  The  primary  contribution  to  background  noise  is 
from  reflected  light  escaping  the  discharge  chamber  and  find- 
ing its  way  to  the  photomultiplier,  but  there  are  also  con- 
tributions from  photomultiplier  dark  noise  (about  10  counts 
per  second) , and  non-velocity  selected  interactions  of  Ar* 
with  background  nitrogen  molecules. 

B.  Optical  Considerations  for  He*/N^ 

Richardson  and  Setser  have  observed  the  optical 

spectra  due  to  metastable  helium  atom  interactions  with 

nitrogen  in  a flow  tube.  This  system  has  also  been  studied 

18b 

by  Hotop  and  Niehaus  using  Penning  electron  spectroscopy. 

These  studies  show  that  N+  is  produced  in  the  X2E+,  A2IIu, 

and  B2E+  states.  The  optical  spectra  consist  of  two  emission 
u 

bands,  B X and  A •+  X.  No  emissions  from  excited  molecular 

states  of  ^ were  observed.  The  B state  vibrational  levels 

populated  are  v'  = 0 and  1 with  observed  relative  populations 

I : 1 of  100:  18  ± 318b  and  100:  12  ± 4.102  The  principal 

o 

B -*■  x transitions  observed  were  between  3580  and  4280  A and 

the  approximate  lifetime  of  this  transition  is  60  nsec. 

A -*■  X transitions  observed  in  the  flowing  afterglow  measure- 

o 

ments  were  between  6000  and  8000  A.  Thus,  the  comments 
above  pertaining  to  N2  (B  -*■  A)  transitions  apply  to  N * ( A -*■  X) 
transitions;  i.e.,  they  occur  in  a region  of  low  detector 
sensitivity  for  this  apparatus. 

The  relative  contributions  of  the  B X and  A X tran- 
sitions to  the  detected  photon  signal  were  determined  by 


Typical  Photon  Count  Rates  For  Ar*/N 
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using  the  filter  which  blocks  all  emissions  at  wavelengths 

o 

less  than  5000  A.  Preliminary  measurements  with  and  without 

this  filter  indicated  an  A -*■  X contribution  to  the  photon 

signal  of  approximately  30%  of  the  total  photon  signal  at 

low  collision  energies  (0.03  eV.  ) . The  A X contribution 

decreased  with  increasing  collision  energy  and  was  negligible 

at  0.10  eV.  Since  the  principal  A -*•  X transitions  are  detecte> 

with  very  low  efficiency  (or  not  at  all)  in  a range  where 

the  detection  efficiency  changes  rapidly,  no  attempt  was  made 

to  measure  accurately  the  energy  dependence  of  the  relative 

+ 2 

cross  section  for  production  of  N2  (A  IIu)  . 

The  principal  transitions  from  the  N+fB,  v'  = 0,1) 

states  are  listed  in  Table  IX  along  with  corresponding 

wavelengths,  Franck-Condon  factors  and  detection  efficiencies. 

The  detection  efficiencies  include  the  effects  of  the  filter 

o 

which  blocks  all  wavelengths  greater  than  4750  A and  there- 
fore eliminates  the  A -*■  X transition.  This  filter  was  used 

in  all  measurements  of  the  relative  cross  section  for  pro- 
+ 2 + 

duction  of  N2 (B  E ) . Again,  detector  wavelength  response 

should  not  have  a large  effect  since  the  relative  vibrational 

102 

level  populations  are  insensitive  to  collision  energy. 

Typical  count  rates  due  to  state  selected  metastable 
helium  collisions  with  nitrogen,  background  count  rates,  and 
required  observation  times  are  listed  in  Table  X. 
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TABLE  IX 


Optical 

System 

Response  To  N^B) 

+ N+(X) 

Transitions 

v' 

v" 

o 

A (A) 

FCa 

DE (%)b 

0 

0 

3914 

0.65 

15 

0 

1 

4278 

0.26 

15 

0 

2 

4709 

0.070 

13 

1 

0 

3583 

0.30 

12 

1 

1 

3884 

0.22 

15 

1 

2 

4237 

0.29 

15 

1 

3 

4652 

0.13 

14 

2 

1 

3564 

0.41 

12 

2 

2 

3858 

0.05 

15 

2 

3 

4199 

0.23 

15 

2 

4 

4600 

0.17 

14 

2 

5 

5077 

0.071 

0 

a FC  Franck  Condon  factors 
D DE  Detection  efficiency 


Typical  Photon  Count  Rates  For  He*/N 
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C.  Experimental  Procedure 

The  cross  section  measurements  are  begun  by  establish- 
ing a steady  nozzle  beam  flow  rate.  For  a pure  nitrogen 
beam,  this  is  accomplished  as  described  in  section  IIB,  and 
a steady  nozzle  beam  intensity  is  achieved  rapidly  as  measured 
by  the  mass  spectrometer.  For  seeded  beams,  the  equilibra- 
tion time  is  greater,  and  oscillations  in  the  nozzle  beam 
intensity  and  time-of -flight  may  occur  for  as  long  as  three 
hours.  Careful  adjustment  of  the  leak  valves  admitting  the 
two  beam  gases  to  the  inlet  manifold  alleviates  the  problem 
to  some  extent,  but  it  is  necessary  to  wait  at  least  an 
hour  for  the  mass  flow  meter  readings,  lock-in  amplifier 
signal,  and  time-of -flight  measurements  to  become  constant. 
When  this  situation  is  reached,  the  nominal  time-of-f light  is 
recorded  as  well  as  the  half-width,  and  the  ionizer  is  turned 
off.  This  is  done  because  of  the  large  contribution  of  the 
ionizer  filament  light  emission  to  the  background  count  rate 
(about  10^  counts/second) . The  flow  rates  of  the  beam  com- 
ponents are  monitored  during  the  experiment  to  insure  constant 
beam  conditions. 

The  metastable  atom  beam  is  produced  under  the  conditions 
described  in  section  IIC.  The  intensity  distribution  T(Vg) 
is  then  obtained  by  scanning  the  velocity  selector  frequency 
over  the  appropriate  range  in  order  to  insure  that  the 
selector  functions  properly.  This  procedure  is  particularly 
necessary  if  the  velocity  selector  discs  have  been  removed 
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since  the  last  time  the  distribution  was  checked.  It  was 
found  for  the  2°  discs,  that  very  slight  changes  in  disc 
alignment  can  occur  in  the  process  of  lubricating  the 
bearings.  A significant  effect  on  the  observed  intensity 
distribution  results  due  to  a change  in  the  effective  helix 
angle.  For  example,  the  peak  valve  of  T(Vq)  varied  over  a 
frequency  range  of  127-140  hz.  under  similar  argon  source 
conditions  for  this  reason.  The  metastable  beam  time-of- 
flight  analysis  was  carried  out  with  an  effective  helix  angle 
which  gave  a T(v^)  peak  at  127  hz.  and  this  was  used  as  a 
reference  distribution.  Distributions  measured  immediately 
prior  to  cross  section  measurements  which  were  slightly  dif- 
ferent from  this  reference  distribution  were  corrected  by  a 
factor  which  altered  the  velocity  of  argon  used  in  equation 
(9)  by  a small  amount,  no  greater  than  10%.  Energy  dependent 
cross  section  measurements  made  with  argon  beams  that  peaked 
at  140  hz.  agreed  well  with  those  made  with  argon  beams 
which  had  peak  intensities  at  127  hz.  after  the  appropriate 
correction  was  made.  All  measurements  with  helium  as  the 
discharge  gas  were  made  with  the  same  T(vQ)  distribution  that 
was  obtained  immediately  prior  to  the  time-of-f light  analysis, 
and  no  corrections  were  necessary.  The  3°  discs  were  not 
subject  to  critical  alignment  requirements  and  the  intensity 
distributions  using  these  discs  were  very  reproducible. 

After  the  intensity  distribution  is  obtained  for  a 
metastable  atom  beam  which  has  a steady  intensity  as  measured 
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by  the  Faraday  cup,  photon  counting  is  begun.  The  dual 
channel  photon  counter  accumulates  signal  plus  background 
and  background  counts  for  4 msec,  out  of  each  10  msec, 
chopping  period.  After  104  cycles  (100  sec.),  the  tele- 
type prints  out  these  accumulated  counts  which  correspond 
to  40  seconds  for  measurement  of  the  desired  fluorescent 
signal.  The  metastable  beam  intensity  is  also  printed.  The 
nozzle  beam  density  is  not  actually  measured  during  the 
experiment,  but  is  held  constant  by  maintaining  constant 
flow  rates  and  total  pressure.  The  target  beam  density  at 
the  ionizer  is  not  a particularly  useful  quantity  since 
changes  in  the  beam  geometry  upon  seeding  can  cause  changes 
in  density  or  volume  of  the  intersection  zone.  More  specif- 
ically, greater  density  along  the  beam  axis  for  a seeded 
beam  relative  to  the  axial  density  of  an  unseeded  beam  would 
cause  a greater  mass  spectrometer  signal  for  the  seeded 
beam  even  if  the  average  densities  in  the  intersection  zone 
were  equal.  Therefore,  the  nozzle  beam  density  is  assumed 
to  be  unity  until  normalization  is  accomplished  as  described 
in  Chapter  VA. 

Every  100  sec.,  the  photon  signal  and  metastable 
beam  intensity  are  recorded.  This  is  continued  until  suit- 
able statistics  are  obtained.  Then  the  nozzle  beam  time-of- 
flight  profile  is  re-measured  to  insure  that  the  nozzle  con- 
ditions have  remained  constant.  The  nominal  flight  times 
measured  before  and  after  photon  counting  always  agreed  to 
within  ± 2 ysec.  Then,  the  velocity  selector  frequency  is 
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changed  and  the  process  is  repeated  at  a different  relative 
velocity.  The  widest  energy  range  possible  is  spanned  with 
the  particular  selector  discs  used  and  the  given  nozzle 
beam  condition.  Then,  a new  nozzle  beam  nominal  velocity  is 
established  which,  given  the  relative  energy  range  possible 
by  variation  of  the  metastable  atom  beam  velocity  through 
its  accessible  spectrum,  allows  relative  energy  overlap 
with  the  results  just  obtained.  This  process  is  continued 
until  the  accessible  relative  energy  range  has  been  covered. 

In  order  to  insure  against  any  errors  due  to  unequal 
counting  times  in  the  dual  channel  counter  or  any  other 
effects  which  may  bias  the  experiment,  it  is  customary  to 
shut  off  the  nitrogen  flow,  pump  out  the  nozzle  oven,  and 
measure  the  photon  flux  under  conditions  otherwise  identical 
to  those  during  the  actual  cross  section  measurement.  In  this 
way  it  was  determined  that  there  was  a slight  bias  in  favor 
of  the  signal  plus  background  channel  which  amounted  to 
0.40  counts/sec.  with  no  filter  and  0.10  counts  per  sec. 
with  the  cut-off  filter  used  in  the  He*/N2  experiment.  The 
appropriate  corrections  were  made  to  the  signal  count  rates. 
This  bias  is  due  to  light  (chopped  at  the  target  beam 
modulation  frequency)  from  the  light  emitting  diode  on  the 
nozzle  beam  chopper  mount. 


CHAPTER  V 


DATA  ANALYSIS  AND  RESULTS 

A.  Data  Analysis 
93 

A calculator  program  was  written  with  three  pur- 
poses in  mind:  to  aid  in  determining  when  sufficient  data 

had  been  obtained,  to  calculate  the  relative  cross  sections 
and  relative  translational  energies,  and  to  calculate  the 
uncertainty  in  the  cross  sections.  The  nominal  target  beam 
velocity  is  calculated  and  printed  from  the  time-of-f light 
input,  the  metastable  atom  beam  velocity  is  calculated  and 
printed  from  the  velocity  selector  frequency  input,  the 
relative  velocity  and  energy  are  computed  and  printed,  the 
electrometer  range  setting  is  entered  and  stored  for  later 
metastable  atom  beam  intensity  calculation.  No  information 
about  nozzle  beam  density  is  entered  since  this  relative 
density  is  determined  by  normalization. 

As  described  in  section  IVE,  the  signal-averaged  photon 
count  and  relative  metastable  atom  beam  intensity  are  re- 
corded once  every  100  seconds.  The  metastable  atom  beam 
intensity  is  in  the  form  of  a digital  voltmeter  signal 
which  is  later  converted  by  the  program  to  the  correct 
electrometer  reading  in  millivolts.  For  very  low  photon 
count  rates  longer  counting  periods  are  employed  to  reduce 
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the  amount  of  data  which  has  to  be  manually  transferred 
from  the  teletype  to  the  calculator.  From  the  previous 
inputs  described  above  and  from  the  new  photon  and  meta- 
stable intensity  inputs,  the  relative  cross  section  for 
each  counting  period  n is  calculated  from  equation  (9) . 

After  at  least  two  such  cross  sections  are  calculated,  the 
standard  deviation  of  the  mean  cross  section  (equal  to 
s.d.//n  where  s.d.  is  the  standard  deviation),  and  the 
relative  standard  deviation,  r.s.d.,  of  the  mean  are  cal- 
culated and  printed.  Measurements  are  continued  until  the 
desired  r.s.d.  is  reached.  For  the  Ar*/N2  experiment,  r.s.d. 
3%  was  the  goal  for  cross  section  precision,  but  this  re- 
quirement was  relaxed  considerably  in  order  to  extend  the 
results  to  higher  relative  energies.  For  the  He*/N2  experi- 
ment, r.s.d.  = 5%  was  the  goal,  but  this  requirement  was 
relaxed  at  both  the  upper  and  lower  ends  of  the  energy 
range . 

The  data  obtained  in  this  way  were  later  re-calculated 
using  the  metastable  atom  beam  velocities  measured  by  time- 
of-flight,  the  nozzle  beam  velocities  corrected  as  described 
in  section  IIIC,  and  the  photon  signals  corrected  for  the 
bias  described  in  section  IVC. 

The  error  bars  for  the  results  presented  in  the  next 
section  represent  approximately  ± the  standard  deviation  of 
the  mean  cross  section. 
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B.  Results  of  Relative  Cross  Section  Measurements 

Measurements  of  the  cross  section  for  production  of 
N2(C)  in  collision  of  N2(X)  with  Ar(3P2^Q)  corresponding 
to  six  different  nozzle  beam  conditions  are  shown  in  figure 
29.  The  relative  cross  section  in  arbitrary  units  is  plotted 
versus  relative  translational  energy.  In  the  critial  areas 
at  low  energies,  where  the  cross  section  changes  rapidly, 
there  is  considerable  overlap  of  the  results  for  different 
target  beams  to  permit  accurate  normalization.  The  shapes 
of  the  cross  section  curves  agree  well  in  the  overlap 
regions . 

Each  curve  of  figure  28  was  multiplied  by  the  factor 
which  brings  it  into  agreement  with  a reference  curve. 

The  reference  curve  begins  with  the  results  of  the  unseeded 
nozzle  beam  (nominal  velocity  of  765  m/sec.)  and  2°  velocity 
selector  discs.  The  curve  corresponding  to  a nominal 
nitrogen  velocity  of  776  m/sec.  and  3°  discs  was  normalized 
to  the  first  curve  in  a region  where  both  curves  exhibit 
low  cross  section  uncertainties,  and  these  two  curves  formed 
the  new  reference  curve.  Similarly,  the  results  correspond- 
ing to  775,  900,  1155,  and  1424  m/sec.  were  normalized  to 
the  reference  curve  in  that  order.  The  normalization  factors 
represent  relative  nitrogen  beam  densities. 

The  results  are  shown  in  figure  30.  The  cross  section 
rises  rapidly  from  0.06  eV.  to  a maximum  at  0.12  eV.  and 
gradually  decreases  from  the  that  point  to  0.36  eV . 
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Since  the  literature  value  for  quenching  of  Ar*  by 

N2  corresponds  to  an  energy  (0.033  eVl  below  the  lower 
energy  limit  of  this  study,  no  attempt  was  made  to  obtain 
absolute  cross  sections  by  the  procedure  described  in  section 
IC. 

Measurements  of  the  cross  section  a_  for  production  of 
N2  (B)  in  collisions  of  N2(X)  with  He(2*"'3S)  are  shown  in 
figure  31.  The  data  represent  measurements  with  two  dif- 
ferent nozzle  beam  conditions  normalized  to  each  other  in 
the  manner  described  above.  The  relative  measurements  were 

converted  to  absolute  cross  sections  by  comparison  with 
16 

measurements  of  the  total  ionization  cross  section  oT  of 

3 

N2 (X)  m collisions  with  He ( 2 S)  and  by  using  the  relative 
electronic  energy  level  populations  from  Penning  electron 
spectroscopic*"***3  measurements  at  300-400°K.  The  total 
ionization  cross  sections  were  normalized  to  flowing  after- 
glow results  at  room  temperature  using  equation  (9).  The 
ratio  tfg/tfrj,  was  found  to  be  0.41.  Using  a temperature  of 

350°K  the  corresponding  average  relative  collision  energy  is 

°2 

0.38  eV.  At  this  collision  energy  aT  is  approximately  3.7  A 

°2 

so  that  aD  is  1.5  A . The  relative  cross  sections  measured 

in  this  study  were  multiplied  by  the  factor  which  made  the 

°2 

cross  section  equal  to  1.5  A at  0.38  eV. 

The  cross  section  for  production  of  N2(B)  goes  through 
a minimum  at  approximately  0.04  eV.,  nearly  doubles  between 
0.04  and  0.10  eV.r  then  increases  with  gradually  decreasing 
slope . 
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A comparison  of  the  translational  energy  dependence 
°f  with  Og  is  made  in  figure  32.  The  total  cross  section 
rises  almost  linearly  with  increasing  relative  energy 
through  the  range  of  the  present  experiment  and  does  so 
at  a rate  faster  than  the  increase  of  oD . Thus,  the  branch- 

O 

ing  ratio  decreases  with  increasing  collision  energy. 

This  is  demonstrated  in  figure  33  where  it  is  seen  that 

decreases  very  rapidly  at  low  energies  and  less  rapid- 
ly at  the  higher  collision  energies. 

The  absolute  cross  sections  plotted  in  figure  31  depend 
on  the  percentage  of  singlets  in  the  predominantly  23S 
helium  beam  of  this  study,  because  the  normalization  is  done 
with  respect  to  the  He  (23S)  results  of  references  16  and 
18b.  The  direction  of  this  effect  depends  on  the  relative 
magnitudes  of  the  total  ionization  cross  sections  and  on  the 
relative  electronic  level  populations  of  N*  produced  by  the 
two  helium  states.  The  He(21S)  state  has  a larger  total 
ionization  cross  section  with  nitrogen,  and,  this  effect, 
by  itself,  would  make  the  absolute  results  in  figure  31  too 
high  by  an  amount  depending  on  the  relative  percentages  of 
singlets  to  triplets  in  the  helium  beam.  The  ratio  an/am 
has  not  been  measured  for  He(21S)  + N2(x).  The  absolute 
cross  sections  are  also  uncertain  due  to  the  wide  tempera- 
ture range  reported  for  the  ag/^T  measurement  of  reference 
18b.  Average  relative  collision  energies  of  0.033  to  0.044  eV. 
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are  possible,  and  since  this  is  in  the  energy  range  where 
oB/oT  is  changing  rapidly,  the  uncertainty  in  temperature 
causes  a large  uncertainty  (about  50%)  in  a^/o^. 


CHAPTER  VI 


DISCUSSION 
A.  Ar*  + N2 

22 

Lee  and  Martin  have  measured  the  translational 
energy  dependence  of  the  cross  section  for  the  reaction 

Ar(3p2,0}  + N2(xlj'g)  "*■  Ar(ls)  + N2(c3nu)  (29) 

by  the  time-of-f light  (TOF)  technique  described  in  section 

IB.  These  results , which  are  relative  cross  sections  over 
the  energy  range  0.013  eV.  to  0.226  eV. , are  shown  by  the 
dashed  curve  in  figure  30.  The  results  of  the  two  experi- 
ments are  normalized  to  each  other  at  0.11  eV.  There  is 
qualitative  agreement  between  the  two  sets  of  results  in 
that  both  show  a rapidly  increasing  cross  section  with 
increasing  energy  from  an  apparent  low  energy  threshold  to 
a maximum.  However,  there  is  quantitative  disagreement 
between  the  results  at  low  energies.  The  TOF  results  predict 
a threshold  at  approximately  0.01  eV.  The  present  results 
indicate  that  the  threshold  will  be  at  approximately  0.05  eV. 
if  the  cross  section  continues  to  drop  rapidly  at  the  lower 
energies.  Also,  the  results  of  the  present  study  indicate 
that  the  cross  section  decreases  gradually  at  higher  energies. 

There  are  several  possible  explanations  for  these 
discrepancies.  The  metastable  argon  atom  source  for  the 
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TOF  method  is  an  electron  impact  source  utilizing  20  volt 

3 3 

electrons.  The  V ratio  for  this  source  is  not  known. 

This  ratio  for  the  present  study  is  expected  to  be  nearly 

6 0 

the  same  (7/1)  as  in  Tang's  source,  although  there  may  be 
some  difference  due  to  the  significantly  higher  discharge 
currents  employed  in  this  work.  Different  percentages  of 
the  two  components  could  have  a large  effect  on  the  energy 

3 

threshold.  The  energy  difference,  PQ  (11.72  eV.)  - 

3 

¥ 2 (11-55  eV. ) , is  0.17  eV.  From  the  curve  crossing 
model  which  has  been  proposed  for  this  reaction,  it  might 

3 

be  expected  that  the  PQ  state  will  produce  a cross  section 

curve  with  a lower  threshold  energy  than  a similar  curve 

for  the  3P  state. 

2 

The  target  beam  source  for  the  TOF  measurements  is  an 
effusive  source  cooled  to  80°K  for  the  low  energy  studies. 
The  nitrogen  nozzle  beam  of  this  study  is  significantly 
"cooler"  rotationally  (see  section  IIIC) . As  much  as  0.007 
eV.  more  rotational  energy  is  available  in  the  TOF  experi- 
ments at  low  energies.  Another  characteristic  of  nozzle 
beams,  partial  alignment  of  the  molecules  with  their 

angular  momenta  preferentially  oriented  at  right  angles  to 
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the  beam  direction,  is  not  found  in  the  effusive  beam  of 
the  TOF  study. 

The  wavelength  response  of  the  detection  systems  was 

o 

nearly  the  same  at  the  low  wavelength  end.  Above  3800  A a 
bandpass  filter  used  in  the  TOF  experiment  greatly  reduces 
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the  detection  efficiency.  From  Table  VII  it  is  seen  that 
the  most  important  transitions  are  below  3800  A.  Since  the 
wavelength  response  becomes  important  only  if  the  relative 
vibrational  level  populations  change  with  collision  energy, 
it  is  not  likely  that  significant  differences  in  the  results 
of  the  two  studies  could  be  caused  by  this  factor  (see 
section  IVA) . 

Consideration  should  be  given  to  the  energy  resolutions 
of  the  two  experiments.  The  TOF  resolution  is  worst  at 
the  lowest  energy  (0.013  eV. ) where  w (E  ) = 0.33.  This 
resolution  is  defined  in  terms  of  the  standard  deviation 
and  should  be  multiplied  by  2.3  for  comparison  with  the 
resolution  of  this  study,  given  in  terms  of  the  half-width. 

At  0.013  eV.  the  energy  resolution  of  the  TOF  results  is  0.76 
which  gives  an  energy  spread  of  0.008  eV.  Though  the  energy 
spread  will  make  the  apparent  threshold  appear  at  lower 
energy  than  the  actual  threshold,  it  does  not  account  for 
the  0.04  eV.  threshold  difference  observed.  At  the  lowest 
relative  collision  energy  (0.06  eV.)  of  this  study,  the 
energy  resolution  is  0.34.  For  comparison,  the  energy  re- 
solution of  the  TOF  experiment  is  about  0.46  at  this  energy. 

Of  the  experimental  conditions  discussed  above,  it 
seems  that  the  different  source  conditions,  particularly  the 
metastable  atom  beam  source  conditions,  offer  the  most 
likely  explanation  for  the  low  energy  disagreement  between 
the  time-of-f light  results  and  the  present  results.  Current 


131 


studies  which  promise  to  shed  light  on  some  of  the  aspects 
just  mentioned,  will  be  discussed  in  section  VID. 

Other  studies  of  the  Ar*/N2  system  have  been  measure- 
ments of  total  quenching  cross  sections  at  a single  energy 
under  conditions  of  poor  resolution.  The  flowing  afterglow 

rate  constants^,  3.6  x 10  ^ cm^  sec.  ^(^P^,)  and  1.6  x 10  ^ 
3 -13 

cm  sec.  ( Pq) / were  measured  at  room  temperature  with  the 

relative  energy  distribution  shown  in  figure  34.  The 

average  energy  for  the  300°K  distribution  is  0.033  eV.  The 

°2  3 3 

cross  sections,  5.8  A ( P2)  and  2.5  ( Pg) , presented  in 

Table  II  of  reference  35  were  calculated  from  equation  (11) . 

Given  the  strong  relative  velocity  dependence  of  the  cross 

section  at  low  relative  velocities,  this  procedure  is  not 

expected  to  yield  accurate  cross  sections. 

21  . 

Winicur  and  Fraites  have  measured  differential 

3 

scattering  cross  sections  for  Ar ( P2  g)  + N2  using  a meta- 

3 3 

stable  atom  source  with  unspecified  P2/  Pg  ratio.  By 
assuming  that  small  angle  scattering  is  purely  elastic,  they 
calculated  a five  parameter  double-Lennard-Jones  potential, 
and  used  this  to  calculate  elastic  scattering  cross  sections 
at  large  angles.  The  difference  in  the  calculated  elastic 
cross  sections  and  the  measured  cross  sections  at  large 
angles  was  attributed  to  inelastic  scattering.  By  sub- 
tracting the  experimentally  measured  differential  cross 
sections  from  the  calculated  elastic  scattering  cross  sec- 
tions they  calculated  the  probabilities  P(b)  for  energy 
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exchange  as  a function  of  impact  parameter  b.  By  integrating 

P(b)  over  the  impact  parameter,  they  obtained  an  integral 

°? 

cross  section  for  energy  exchange  of  11.8  A at  0.051  eV. 

This  corresponds  to  a cross  section  for  production  of  (C) 
and  (B)  since  no  other  states  appear  to  be  directly  popu- 

at? 

lated . The  energy  resolution  — was  1.5  so  that  AE  = 0.08  eV. 

hj 

From  the  value  of  the  potential  energy  at  P(b)  = 0,  the 
threshold  energy  was  estimated  to  be  0.008  eV.  The  effect 
of  the  poor  energy  resolution  on  this  calculated  threshold 
energy  was  not  discussed,  but  the  effect  on  the  integral 
cross  section  is  clear.  The  cross  section  at  0.051  eV.  is 
enhanced  by  the  larger  cross  sections  from  relative  energies 
as  high  as  0.09  eV.  and  reduced  by  the  lower  cross  sections 
from  energies  as  low  as  0.01  eV. 

If  the  threshold  energy  of  0.008  eV.  is  correct,  then 
the  threshold  for  production  of  N2 (B)  plus  N2(C)  is  the 
same  as  the  threshold  for  production  of  N2(C)  measured  by 
Lee  and  Martin.  Also,  if  the  intermediate  complex  mechanism 
suggested  by  Stedman  and  Setser^  (see  section  IE)  is  correct, 
the  TOF  results  imply  that  the  observed  threshold  energy  is 
a barrier  to  formation  of  a complex  which  subsequently  dis- 
sociates to  N2(C)  and  N2 (B) . However,  the  results  (reference 
21)  on  which  this  conclusion  is  based,  also  present  strong 
evidence  that  the  Ar*/N2  interaction  does  not  involve  complex 
formation;  that  is,  the  differential  scattering  experiments 
showed  pronounced  backward  scattering  indicative  of  a direct 
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mechanism.  In  addition,  any  conclusion  based  on  the  thres- 
holds for  production  of  N2(C)  and  N2  (B)  in  these  experi- 
ments assumes  that  the  threshold  energies  are  not  effected 
. 3 3 

by  the  different  P2/  ratios  for  the  metastable  atom 
beams  used. 

Stronger  evidence  that  the  cross  sections  for  pro- 
duction of  N2(C)  and  N2(B)  behave  similarly  at  low  relative 
energies  comes  from  flowing  afterglow  studies104  at  300°K 
and  77°K.  The  relative  population  of  N2(C)  to  N2 (B)  was 
the  same  at  both  temperatures.  Consideration  of  figure  34 
shows  that,  if  the  threshold  energies  for  producing  N2 (C) 
and  N2(B)  were  0.05  eV.  and  0.01  eV.,  respectively,  the 
relative  population  n2(C)/N2(B)  would  increase  greatly  in 
going  from  77°K  to  300°K.  Since  this  does  not  occur,  the 
low  energy  behavior  of  the  cross  sections  for  N2(C)  and 
N2 (B)  production  appear  to  be  similar.  This  assumption,  pirns 
the  assumption  that  the  total  quenching  cross  section  has  a 
threshold  of  0.01  eV. , suggests  that  the  most  likely 

explanation  for  the  higher  threshold  observed  in  this  study 
. . 3 

is  that  it  corresponds  P2  interactions  of  argon  with  N2. 

3 

The  lower  threshold  would  then  be  due  to  Pq  interactions 
only. 


B . Ar*/N2  - Reaction  Mechanism 
The  following  information  from  Various  techniques  dis- 
cussed in  Chapter  I has  been  obtained  concerning  interactions 
of  argon  metastable  atoms  with  ground  state  nitrogen  molecules 
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1)  Only  the  N2(B)  and  N2(C)  states  are  populated 
directly  and  the  ratio  N2(B)/N2(C)  for  the  initial  products 
formed  is  6 ± 1.  This  ratio  is  independent  of  temperature. 

2)  The  vibrational  energy  levels  of  N2(C)  are  not 
populated  according  to  the  Franck-Condon  factors  for  transi- 
tions between  ground  state  N2  and  the  vibrational  levels 

of  N2(C).  In  particular,  the  v'  = 0 level  of  N2  (C)  is  much 

more  heavily  populated  than  would  be  expected  for  a Franck- 

Condon  transition,  and  only  the  v'  = 0,  1,  and  2 levels  are 
9 6 

populated. 

3)  The  lower  N2(B)  vibrational  levels  are  the  most 

• 9 7 

highly  populated. 

4)  Considerable  rotational  excitation  accompanies  the 

P 

formation  of  N2 (C) , and  intensity  alternations  between  even 

97 

and  odd  rotational  levels  were  observed. 

5)  The  relative  vibrational  level  populations  of  N2(C) 

9 6 

are  independent  of  temperature. 

6)  Differential  scattering  measurements  show  pre- 
dominantly backward  scattering  of  Ar*  by  N2> 

7)  The  cross  section  for  production  of  N2 (C)  in  colli- 

3 

sions  with  Ar ( P2  q)  rises  rapidly  from  an  apparent  thres- 
hold to  a maximum  at  about  0.1  eV. 

Observations  2)  and  4)  are  indicative  of  very  strong 
interaction  between  metastable  argon  and  nitrogen.  This  is 
in  contrast  with  weak  interactions  observed  in  the  Penning 
ionization  reaction  discussed  in  the  next  section. 
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Observation  1)  is  consistent  with  the  formation  of 
N2 (B)  and  N2 (C)  in  the  same  dynamic  process.  This  led  to 
the  proposal  of  a reaction  which  proceeds  via  an  intermediate 
complex  which  dissociates  to  N2 (B)  and  N2(C)  (see  section 
HE) . This  mechanism  explains  observations  1)  - 5) , but 
directly  contradicts  observation  6)  and  fails  to  explain 
the  existence  of  a threshold  energy  which  was  observed  in 
this  study  and  in  reference  22.  This  electron  exchange 
mechanism  is  unacceptable  for  other  reasons  mentioned  in 
reference  35. 

The  energy  dependence  of  the  cross  section  shown  in 
figure  30  suggests  that  the  reaction  proceeds  through  a 
curve  crossing  mechanism.  In  this  model,  depicted  in  figure 
35A,  only  transitions  which  occur  near  the  crossing  point 
Rq  are  probable.  The  threshold  energy  corresponds  to  the 
relative  translational  energy  AE  needed  to  reach  the  curve 
crossing.  By  varying  the  parameters  RQ,  a and  £3  of  equation 
(22),  several  Landau-Zener  cross  section  curves  were  cal- 
culated. One  such  curve,  parameterized  to  agree  at  the 
maximum,  is  shown  in  figure  30.  None  of  the  calculated 
curves  could  be  made  to  fit  either  the  present  results  or 
those  of  reference  22.  Since  the  treatment  is  valid  only 
for  single  curve  crossings  in  atom-atom  collisions,  this 
disagreement  is  not  really  surprising.  Transitions  from 
N2 (X)  occur  to  three  different  vibrational  states  and  many 
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Figure  35.  Curve  Crossing  Diagrams 
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different  rotational  states  of  N2 (C) , leading  to  many 
potential  curve  crossings  instead  of  the  one  shown  in 
figure  35A. 

Another  type  of  curve  crossing  is  demonstrated  in 

4 0 4 0 

figure  35B.  The  curves  shown  are  the  N(  S ) + N(  S ) 
interaction  potential  curve  leading  to  N2(X)  with  Ar*  at 
R = oo,  and  two  of  the  N2  excited  state  potential  curves  with 
Ar(1S)  at  R = °°.  As  Ar*  approaches  the  N2  molecule,  the 
curves  shown  would  drop  to  lower  potential  energies  due  to 
strong  interaction,  and  overlap  of  the  entrance  and  exit 
channels  occurs.  The  relative  vibrational  level  populations 
of  N2(C)  and  N2 (B)  which  result  depends  on  the  relative 
positions  of  the  two  curves  at  the  instant  of  the  transition. 
Such  a picture  might  explain  why  v'  = 0 of  N2  (C)  is  favored 
over  v'  = 1 and  2 despite  the  fact  that  the  latter  states 
are  closer  to  being  resonant  with  Ar*  + N2 (X) . 

C.  He*/N2 

18b 

Results  from  Penning  electron  spectroscopy  have 
established  several  characteristics  of  Penning  ionization^~* 
of  N2  in  collisions  with  He*.  These  are  summarized  below: 

1)  Three  electronic  states  are  produced  - N2 (X) , N2 (A) , 
and  N2 (B)  in  relative  populations  of  0.35,  0.24,  and  0.41, 
respectively,  at  300-400°K. 

2)  The  vibrational  levels  of  each  electronic  state  are 
populated  according  to  the  Franck-Condon  factors  for 
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transitions  between  the  vibrational  levels  of  the  ion  and 
the  isolated  ground  state  molecule. 

3)  Only  a small  amount  of  energy  6 is  converted  from 
relative  translational  motion  of  the  nuclei  into  kinetic 
energy  of  the  ejected  electron.  This  value  of  6 is  inde- 
pendent of  which  electronic  state  is  formed. 

4)  The  Penning  electron  energy  distributions  are 
narrow  compared  to  the  distributions  for  He*/Hg,  Na,  K. 

Observations  2)  , 3) , and  4)  are  strong  evidence  that 
neither  thd  interaction  of  He*  with  N nor  He  with  N*  is 
very  strong.  The  potential  curves  which  describe  the  col- 
lision have  shallow  well  depths  and  collision  energy  is 
converted  to  electron  energy  near  the  classical  turning 
point.  The  distance  between  helium  and  nitrogen  is  large 

compared  to  the  nitrogen  molecule  equilibrium  distance,  so 
that  application  of  the  theory  of  metastable  atom-atom  col- 
lisions (section  IID)  to  metastable  helium-nitrogen 
collisions  is  justified. 

Use  of  equations  (6),  (16),  and  (21)  of  Chapter  I 

requires  expressions  for  V[He*-N2]  and  T (R) . Illenberger 
and  Niehaus18  and  Olson108  have  performed  calculations  for 
the  He ( 2 S)/Ar  system  by  using  an  analytical  function  for 
V(He*-Ar)  which  agrees  with  a potential  determined  from 
scattering  data  by  Chen  et  al.  ' Accurate  potential 
functions  for  He*/N2  are  not  yet  available  from  scattering 
data.  By  analogy  with  He*/Ar  and  Li/Ar  potentials108'109 
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it  is  expected  that  a reasonable  potential  function  could 

be  constructed  for  He*/N2.  In  fact,  recent  scattering 

experiments"*""*"^  indicate  that  the  long  range  interaction  of 

He*  - N2  is  almost  identical  to  Li  - N2> 

3 

The  He (2  S)/Ar  calculations  of  reference  16  employed 
the  parametrized  function, a exp (-R/b),  for  T reflecting  the 
expectation  that  values  of  R closest  to  the  classical  turning 
point  are  favored.  The  parameters  a and  b were  adjusted  by 
comparison  with  the  absolute  values  and  general  shape  of 
the  experimentally  determined  cross  section  curve. 

Illenberger  and  Niehaus"*^  have  shown  that  the  parameter 
b may  be  estimated  from  portions  of  the  measured  cross 
section  curve.  In  the  regions  where  the  collision  energy  is 
much  greater  that  the  well  depth  of  the  interaction  potential 
and  the  ionization  efficiency  is  much  less  than  unity,  b 
may  be  determined  from  the  slope  k of  the  cross  section 
curve  by 

|(k+l)  ~ D/b  (30) 

where  D may  be  determined  from  the  repulsive  part  of  the 
interaction  potential  V(R)  = C exp(-R/D).  It  was  also 
shown  that  the  ratio  of  the  well  depth  of  the  interaction 
potential  to  the  minimum  in  the  cross  section  curve  is  very 
sensitive  to  b. 

Since  D is  the  same  for  total  ionization  as  for  ioni- 
zation to  N2  (B) , and  since  k is  larger  for  total  ionization, 

then,  b is  smaller  for  total  ionization.  The  ratio  V /T  of 

B T 
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the  B state  coupling  width  to  the  total  ionization  coupling 
width  is  given  by 


B 


T 


B r 1 

a.r  exp  >b 


T 


rp 


where  the  subscripts  T and  B refer  to  total  ionization  and 
ionization  to  the  B state,  respectively.  For  bT  < bg, 
r /r  , increases  with  increasing  R.  Therefore,  the  present 
results  indicate  that  the  B state  is  favored  for  low  energy 
collisions  in  which  transitions  occur  at  relatively  large 
values  of  R. 

A complete  theoretical  analysis  has  not  been  carried 
out  at  this  time  since  accurate  potential  functions  are 
forthcoming  from  the  results  of  reference  110,  and  theoret- 
ical calculations  for  total  ionization  of  by  he*  are 
expected  from  the  results  of  reference  16. 


D.  Summary 

The  qualitative  nature  of  the  Ar*/N2(C)  cross  section 
curve  (figure  30)  is  further  evidence  of  a curve  crossing 
mechanism.  Quantitative  discrepancies  between  these  results 
and  those  from  the  time-of- flight  study  are  important  for- 
illuminating  certain  details  of  the  reaction  mechanism  as 
discussed  in  section  VIA.  These  discrepancies  may  be 
resolved  as  data  becomes  available  from  other  studies.  lor 
instance,  measurements  being  made  in  this  laboratory  will 
determine  whether  differences  in  wavelength  response  of  the 
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detection  systems  employed  are  important  by  determining 
the  translational  energy  dependence  of  relative  N2(C) 
vibrational  level  populations.  Selective  removal  of  either 
singlets  or  triplets  in  a neon  metastable  atom  beam  has  been 
accomplished  with  a tunable  dye  laser  and  used  to  measure 
the  3p2/3po  rat;*-0  for  an  electron  impact  source  operated 
at  various  electron  energies.^1  Application  of  this 
technique  to  Ar*  would  be  very  useful  in  deciding  whether 
the  difference  in  the  "^P2/3Pq  ra^°  -*-n  electron  impact  and 
discharge  sources  explains  the  differences  in  the  measured 
cross  sections  near  threshold. 

The  results  of  cross  section  measurements  for  He*/N2 
indicate  that  N2(B)  is  favored  at  low  energies  due  to  a 
smaller  R dependence  of  the  coupling  width  compared  to  that 
dependence  for  the  other  electronic  states  formed.  If 
N2 (A)  is  also  favored  at  low  energies,  as  qualitatively 
observed  (section  IVB) , the  fraction  of  N2(X)  produced  must 
increase  with  increasing  collision  energy. 


APPENDIX  I:  I ->-  V CONVERTER/AMPLIFIER 

The  circuit  shown  in  figure  36  was  designed  to  convert 

current  pulses  from  the  electron  multiplier  (EM)  anode 

into  voltage  pulses  of  suitable  magnitude  for  nozzle  beam 

intensity  and  time-of-f light  analyses.  The  first  stage 

5 

is  an  I V converter  with  a 10  H feedback  resistor.  The 
output  voltage  VQ(1)  of  this  stage  is  given  by  VQ (1)  = 

5 

(10  ) (I^  ) . This  output  is  proportional  to  the  nozzle 
beam  intensity  and  is  measured  by  a lock-in  amplifier.  The 
second  stage  is  a non-inverting  operational  amplifier.  De- 
pending on  the  position  of  switch  S2,  a gain  of  either  100 
or  1000  is  possible.  The  electron  multiplier  anode  currents 
are  such  that  the  gain  of  1000  is  needed  for  a satisfactory 
waveform  eductor  input.  The  capacitors  across  the  feedback 
resistors  serve  to  smooth  the  pulses.  By  closing  switch  S2, 
a current  may  be  supplied  to  suppress  the  D.C.  background 
if  desired. 

The  response  time  of  this  circuit  is  less  than  tvro 
psec.  so  that  effects  on  the  measured  flight  times  are 
negligible. 
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Figure  36.  I -*■  V Ccnverter/amplif ier 


APPENDIX  II:  PULSE  SHAPING  CIRCUIT  FOR  FREQUENCY  COUNTER 

The  signal  from  an  LS-400  photo  transistor  is  formed 
(otage  A),  shaped  (stage  B) , and  made  TTL  compatible 
(stage  C)  by  the  circuit  shown  in  figure  37.  Stage  B is  a 
Schmitt  Trigger  which  converts  the  relatively  slow  rising 
pulses  from  the  velocity  selector  LS-400  into  sharp  pulses, 
and  stage  C interfaces  the  Schmitt  Trigger  to  the  7400  gate 
of  the  frequency  counter. 

A similar  circuit  is  used  to  shape  pulses  from  the 
nozzle  beam  chopper.  However,  greater  sensitivity  was 
achieved  by  applying  the  photo  transistor  signal  directly  to 
the  base  of  the  2N5134  transistor.  The  additional  sensitivity 
allowed  reduction  of  the  light  emitting  diode  intensity 
and  consequent  reduction  of  the  bias  discussed  in  section  IVC. 
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Figure  37.  Pulse  Shaping  Circuit 


APPENDIX  III:  PULSE  SEPARATOR 

The  pulses  from  an  LS-400  photo  transistor  mounted  on 
the  nozzle  beam  chopper  are  shaped  by  a Schmitt  Trigger 
circuit  (see  Appendix  II) . it  is  necessary  to  separate  the 
alternating  long  and  short  pulses  into  separate  pulse  trains 
in  order  to  trigger  the  lock-in  amplifier  and  waveform 
eductor  properly.  This  separation  is  accomplished  by  the 
logic  circuit  shown  in  figure  38. 

The  flip-flop  changes  state  with  the  decay  of  each  pulse, 
sending  alternate  pulses  to  different  outputs.  The  purpose 
of  the  "one-shots"  (OS  1 and  OS  2)  is  to  insure  that  the 
short  pulses  always  appear  at  output  1 and  the  long  pulses 
at  output  2.  By  proper  choice  of  OS  1 and  OS  2,  the  7400 
NAND  gate  will  re-set  the  flip-flop  if  the  initial  pulse 
appears  at  the  wrong  output. 
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Figure  38.  Pulse  Separator 
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